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1. SUMMARY

The present report describes experimental and analytical studies of
energy tzansfer and chemical reaction in diatomic and small polyatomic gases
under conditions of extreme disequilibrium of the molecular vibrational modes.
Primary emphasis is on collision-dominated environments with relatively low
translation/rotational mode temperatures, which are characteristic of a variety
of gas discharges, plasma chemical reactors, and high enthalpy supersonic gas
dynamic expansions. Some additional work has also been directed to the
complementary environment in which the translational/rotational mode
temperatures are high. and the vibrational mode energy content is initially low.
This latter environment is characteristic of strong shock waves in gases, such
as occurs during planetary entry of hypersonic aerospace vehicles. This
research has been conducted by staff of the Physical Gas Dynamics Program of
the Department of Mechanical Engineerig at the Ohio State Untversity. under
the sponsorship of the Aero Propulsion and Power Directorate of Wright
Laboratory of the U.S. Air Force, Wright-Patterson AFB. Ohio. The contract has
been technically monitored by the Plasma Research Section of the Power
Components Branch of the Aerospace Power Division of that Directorate.

In most of the experimental studies in the program, the molecular
vibrational mode(s) have been energized by the resonant absorption of CO laser
radiation, with subsequent rapid redistribution of vibrational energy in
vibration-vibration (V-V) exchange collisions. Vibrational mode energy inputs
of the order of I eV per molecule are easily attainable together with low
translational/rotational mode temperatures. These conditions have been
observed to favor efficient vibrational-nonequllibrium-driven chemical reactions
in a variety of plasma reactors. The experimental environment therefore serves
as a model for some typical plasma chemistry reactors. However. this
experimental environmental affords the possibility of controlling or suppressing
the influence of free electrons which are present in a plasma reactor. The
nonequllibrium-vibrational chemical and energy transfer processes can be
studied in a controlled system, Independently of complicating side reaction and
excitation channels driven by the high energy tall of the electron gas. In
addition to these CO-laser energized experiments, some complementary studies
in: 11 CO/OCS plasmas excited by a glow discharge, and in 2) CO gas excited
by an ArF excimer laser, are also reported. Finally, complementary master
equation kinetic models of vibrational energy transfer and chemical reaction in
these environments (and in corresponding gas dynamic flow environments)
have also been developed, and are reported in detail.

"The report details experimental and theoretically-derived rate data for
certain specific vibration-vibration (V-V). vibration-translation (V-7), vibration-
electronic (V-E). associative Ionization, and dissociation processes in CO and
NO. There are some data and rate models for related diatomic and small
polyatomic species. Emphasis is placed on energy transfer processes involving
relatively high vibrational quantum states.
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2. INTRODUCTION

It has long been established that a special type of extreme
thermodynamic disequilibrium exists in the vibrational energy modes of cool
molecular plasmas. Specifically, for environments in which the average energy
of the vibrational modes is a few tenths of an electron volt per oscillator, and
the gas kinetic temperatures are a fraction of the characteristic vibrational
mode temperature. the population distribution of most diatomic and small
polyatomic molecular gases Is strikingly non-Boltzmann. This population
distribution, when compared with a Boltzmann distribution corresponding to
the same energy, is characterized by extreme overpopulation of the higher
vibrational quantum states. Upper state populations may be many orders of
magnitude greater than the populations of the corresponding Boltzmann
distribution. Such nonequllbrium distributions ar• variously called Treanor
Distributions. Vibration-Vibration (V-V) Pumped Distributions, or
Anharmonic Pumped Distributions . and have an extensive literature (1-3).

The nonequllibrium plasma conditions necessary to create V-V pumped
distributions are pervasive in most electric glow discharges. Since many
plasma chemical, Ionic, and electronic energy transfer processes proceed from
higher molecular vibrational states, the influence of this type of disequilibrium
is critical, and its detailed consideration Is essential to predicting a variety of
plasma-chemical phenomena.

V-V pumped nonequilbrnum is also created in many supersonic flows of
high entha &pygases(4). and in the optical excitation of cool absorption cells(5-8 ).
in addition to Its creation in electric discharges. In absorption cells, the
phenomenon has been observed in both solid(6-7) and liquidS) phase materials.
in addition to gases. At this writing. V-V pumped nonequllbrium and its
effects has been detected in a variety of diatomic and small polyatomic
systems, Including N2, CO. NO, H2,. D2 , HF. 12, CO2 , H20, N2 0 and
13CH31 2 .S). Indeed, in the type of environments cited, it is usually difficult to
inhibit the creation of a V-V pumped distribution in these small molecules.

Despite their ubiquity, the role and influence of V-V pumping effects has
tended to be largely ignored in molecular discharge plasma studies, outside of
directed research in carbon monoxide gas lasers and closely related laser work.
There are some notable and recent exceptions to this, however, we cite the
research of Capitelli and his co-workers at the Institute for Plasma Chemistry
at the University of Barl, taVy(9 .10), the work of Rusanov and his co-workers at
the LV. Kurchatov Institute of Atomic Energy in the Soviet Union( 1.12 ), and
studies in the Plasma Research Section at the Aeropropulsion Laboratory at
Wright LaboratOries, including the recent results in silane chemistry initiated
by V-V pumped N2(1$314).

At the inception of the present study, there was strong evidence from the
work of the groups cited above, and from the previous work of the group at the
Ohio State University(1 5. 16 .17} that V-V pumped nonequilibrium systems
afforded a major avenue to drive unique plasma chemical reaction paths, and
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also afforded a method to strongly populate excited molecular electronic states
in a collision dominated, high density plasma. The plasma chemical
applications have, for example, great potential importance in microelectronics
and detector fabrication processes( 14), and in atomic-hydrogen power
~egeri�( 1 1). The control of excited molecular electronic state populations
has a correspondi, potential for high voltage switching applications and high
energy gas laserst 1 l .r 9.1 00). The major goal of the researDh program reported

here was to develop insight into the basic kinetic mechanisms of vibrationally
nonequ lbrium plasmas. It is hoped that these insights will aid in the design
of new electric discharge plasma reactors.

A major difficulty in studying these V-V pumped processes in detail in
electric discharges is that the relatively small fraction of rather high energy
electrons can initiate many excited electronic state, ionization, and chemical
processes, independently of the more dominant. vibrationally excited state
processes. It Is difficult to sort out the major energy storage and transfer paths
in such a plasma. in view of the large number of relatively minor plasma
processes occurring, which contribute to radiation signal from the plasma.
often giving a misleading picture of the true energy partition in the
environment. For this reason the largest part of the present research effort has
centered on experiments in optically pumped. V-V nonequilibrium gases. A
carbon monoxide (CO) gas laser is used to excite the vibrational mode(s) of
various diatomic and small polyatomic molecules in a reaction cell by resonant
absorption of the laser radiation and subsequent redistribution of vibrational
energy by V-V exchange collisions. In such experiments, the influence of free
electron-molecule collision processes is generally negligible, and the major
vibration-to-vibration, vibration-to-electronic, and chemical reaction channels
can be conveniently studied. In the present report, and experimental and
analytic program of research in such optically pumped environments is
described.

Each of the following chapters in this report is based on either papers
already published in the Journal literature during the course of the project. or
on recently-completed theses. An appendix gives the complete list of journal
publications, meeting presentations, and theses completed under this study.

The fOllwoig C.hapter. 3, describes experiments on the optical pumping
of vibrationally nonlUibrum CO, with emphasis on extension of the range of
accessible translational/rotational mode temperatures. The work was
performed in collaboration with the group at Ecole Centrale Paris, and some of
their complementary results are described. Chapter 4 continues to CO
experimental studies, but the emphasis here is on measurements of
vibrational-quantum-state resolved associative Ionization rates in this molecule
concludes the CO investigations, presenting Chapter s a study in which an ArF
exc-mer laser was used to directly prepare a specific vibrational level of the a
3n, the lowest-lying excited electronic state of CO. Chapter 6 extends the
optical pumping studies to NO, and gives upper state rate data for this species.
Chapter 7 gives the details of the unique line-selected CO laser that was
developed to optically pump NO. Chapter 8 discusses the use of V-V pumped
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CO to transfer enerv to the carbonyl sulfide (OCS) molecule, and describes
andWS~Uan to ascertain the possibility gf continuous wave infrared laser
action on molecule. Finally. Chapters 9 and 10 detail theoretical kinetic
ramodels developed under the program to describe nonequilibrlum energy
trmnsfer and reaction kinetic processes in these vibratlonally excited
en uraments.
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3.1. Introduction

In this chapter, the results of the program for the vibrational excitation of CO by

CO laser optical pumping are presented. The results at both Ohio State and at

the laboratory of our collaborator, C.N.R.S Centrale Pans, will be described.

Previous work with this technique has been published for both CO [1-3] and for

NO [4].

3.2. Experimental

3.2.1 Apparatus

Fig. 3.1 shows the typical setup for the experiment, as used at Ohio State.The

infrared and visible UV emission spectra of the observed molecules (CO and

C2) can be observed simultaneously as shown on the figure. At C.N.R.S.

Centrale Paris only one port of the cell is used and the diagnostic apparatus is

not the same; notably a larger 1.15 m focal length SOPRA monochromator is
0

used. This monochromator is equipped with an IR (4 gim) or UV (2500 A)

blazed grating so that the spectra emitted by the different molecules at different

wavelength regions are recorded successively. As the pump laser is used in

the c.w. mode only, the mechanical chopper is placed in front of the entrance

slit of the monochromator. The lock-in amplifier is connected to a PC type

micro-computer for further processing and display; the computer also drives the

stepping motor of the monochromator so that the spectrum can be recorded

directly as a function of the wavelength.

The pump laser is a flowing-gas electric discharge CO laser, wall-cooled by a

liquid nitrogen bath. The laser combines several features reported in the

literature [5-9] for enhancing short wavelength operation, i.e., forcing lasing on

the lowest fundamental vibrational band components, including v=1-0. These

features include: precooling of the laser gases before they are introduced into

the discharge tube; pure helium gas injection at the tube ends to prevent

absorption losses due to partially relaxed CO; small gas injectors which

introduce the laser gases at sonic velocity into the tube, and impart a swirling

motion to the gases; a mechanical chopper to provide intra-cavity 0-switching;

selectively coated laser mirrors; and optimization of the laser gas partial
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pressures and discharge operating current. With these features, the Ohio State

laser, which has 1 meter active discharge length, can produce 3 watts average

multiline power when lasing on v=1-0 transitions, and up to 12 watts multiline

when v=2-1 is the shortest wavelength lasing band component. The longest

wavelength band component typically lasing is v=1 2-11. The short wavelength

operation is essential for optically exciting room temperature CO; if the shortest

wavelength lasing band component is v=5-4 or higher, it is impossible to initiate

the CO vibrational excitation process. The Centrale Paris laser, which has a

1.64 meter active discharge length, has mostly been operated in the c.w. mode

for the present experiments, which have been conducted as discussed below,

at powers up to 27 Watts. Fig. 3.2, taken from the Centrale Pans laser, shows

the typical output spectrum from these lasers under 27 W c.w. conditions. Note

that the rotational number of the lasing lines decreases with vibrational band;

this is a consequence of lasing-induced cascade [3].

Under 0-switched operation, the pulse-to-pulse broadband pov ar output

stability is quite good, with variations being less than + 2.5% over the entire

pulse shapes. Long time amplitude stability, over periods up to a few hours, is

of the same magnitude a 3 long as the liquid nitrogen level is maintained in the

cooling baths. The single-line stability of the laser is poorer than the numbers

just mentioned. For the present purposes of optically exciting the vibrational

mode of the CO in the absorption cell, however, the broadband stability is the

important parameter, and is quite satisfactory.

The development of a multiwatt, slow-flow, wall-cooled CO laser, providing a

significant fraction of its output on the v=1-0 and v=2-1 band components,

affords a novel opportunity to study V-V pumped gases. Relatively high pump

laser powers are necessary to excite significant volumes of gas at pressures of

several Torr and above. Most previous detailed spectroscopic studies of V-V

pumped CO gas used large, supersonic-flow CO lasers (10], which were

expensive to run for long times [1, 2, 11-12]. Except for the recent work of

Urban, et al. [3], other attempts to excite V-V pumping in CO with a slow flow

laser required auxiliary discharge excitation [3]. The present experiments can

be operated continuously, permitting sampling times of hours, if necessary.
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After some preliminary studies done to test the efficiency of the pumping of CO
by the infrared CO laser as a function of laser power, 0-switch and c.w. modes,
Ar-CO gas mixture composition, pressure and flow rate through the cell, we
decided to build two complementary set-ups. The details of the absorption cells
are given in Fig. 3.3. At Ohio State (Figure 3.3a) the cell is built to achieve CO
pumping at low flowing rate, medium laser power and relatively low
temperature 300 to 700K. The cell is a 6-armed stainless steel cross (Varian
Corp.) of 1.5" diameter tubing, permitting optical access on three axes. One or
more of the six windows can be replaced by a flange mounting diagnostic
equipment, if desired. The cell has gas fill and purge ports, and fittings for
pressure measurements. It can be operated either with static gas fills, or in a
flowing-gas mode; CO fills the entire volume of the cell. In the flowing gas mode
the gas mixture flows in the direction of the incoming laser beam.
At Centrale Paris (Figure 3.3b), the cell makes it possible to run at the higher
translational temperatures associated with a more powerful laser. The
temperature can vary from 600K to 1500K as described later. It is a four-armed
stainless steel cross of 25mm diameter tubing, allowing access in two
perpendicula, directions. The viewing axis is perpendicular to the direction of
the laser beam. The output window on the laser beam is adjusted at Brewster's
angle in order to avoid reflection of the high power laser beam back into the
cell. The gas CO-Ar mixture is injected perpendicularly to both the optical axis
of the laser and to the detection direction through a 4mm diameter stainless
steel tube. The mixture is extracted through a similar tube placed at 8mm
distance opposite the injector exit. A buffer gas (Ar) is injected by a third inlet to
fill the entire cell and pumped out by the same tube as the CO-Ar mixture. With
this arrangement CO is present and excited only in the 4mm ID region located
between the injection and the evacuation tubes. Pressure is measured in the
injection tube 2cm before injection in the cell.

As shown, diagnostics include infrared and visible/ultraviolet monochromators,
for emission spectroscopy. Steady-state b~gnals are processed with lock-in
amplifiers, and pulsed signals with a boxcar averager. C.w. and average laser
powers and laser pulse energie 7 are measured with a Coherent Corp.
"Labmaster" system. Laser pulse shapes are determined with a Molectron P5-
00 ultra-fast pyroelectric detector. Modifications from this basic setup are noted
in the discussions of specific measurements in the following sections.
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3.2.2 Operation and Energy Flow Channels

With this setup, the CO laser beam is focused by a 2.5 cm dia., 20 cm focal
length zinc selenide lens into the absorption cell. A mixture of CO and Ar is
slowly flowing through the cell. As discussed subsequently, the partial
pressures of the CO and Ar can be varied over a large range; a typical

condition is a 1/9 CO/Ar volumetric ratio at 100 Torr total pressure, with a flow
velocity of I cm/sec. Under such conditions, the CO in the cell readily absorbs

the laser energy into its lowest vibrational states, v < 12. Higher CO vibrational
states, v > 12, are populated by V-V exchange. One result of this V-V up-

pumping is immediately seen in the absorption cell: there is a quite intense
blue light emission visible, centered at the focal point of the laser beam, and
extending for approximately 2 to 3 centimeters along the optical axis. The
diameter of this luminous region varies with cell and laser conditions; it is of the
order of I to 2 mm. This blue emission is due to visible band components of the
C2 Swan system, d3Og -> a3 11u. The C2 is generated by chemical reaction of

the V-V pumped CO. It has been observed and discussed in previous work
using this excitation technique [1, 2-3, 11-12].

Fig.3.4 is a simplified energy level diagram for CO, showing the ground
electronic state, XlZ+, the lowest excited electronic state, a3 r, and the lowest
excited singlet state, A1 ]'. Several additional triplet states with energies
between those of the a3H and the AI1 states have not been shown. Some of

the energy transfer mechanisms occurring in the cell are shown, based on both
the present work and the previous studies referenced above. We show the
primary excitation transitions, which involve resonance absorption of the laser
radiation by the v=0-1 to v=1 1-12 fundamental infrared band components of the
CO in the cell. Note that in the excitation of CO initially in equilibrium at 300K,
some laser output on the v=1-0 or, at least, the v=2-1 band component, is
needed; levels above v=1 are negligibly populated at this temperature, and
hence do not absorb. In our case, if the laser does not operate c.w. on these
lowest band components, 0-switching the laser can often force these
components. 0-switching the laser created higher peak powers on the higher
bands than in the c.w. case. With the 0-switching, lasing-induced cascade car
force gain on the lowest vibrational band components. Such use of Q-switching
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to achieve CO pumping in an optical absorption cell was first demonstrated by
Urban et al., who discuss the phenomenon [3]. In the present experiments, if the
laser is operating c.w., with no lasing output on the lowest two band

components, the cell gases will not absorb the laser radiation. However, it is
usually possible to trigger the initial absorption by merely briefly blocking one
laser mirror intra-cavity. The cascade induced by this 0-switch is sufficient to
trigger absorption and the subsequent V-V up-pumping; the cell gases will
continue to absorb in the steady state, until the laser beam is interrupted. We
emphasize that the laser excitation mechanism is, indeed, resonance
absorption. The focused laser fields are relatively weak. Strong absorption and
subsequent V-V up-pumping occur with focused laser field intensities of only a
few hundred W/cm2 . The strongest fields in the present experiments are 2.7 x
105 W/cm 2 , reached in some of the Centrale Paris studies. We believe that
even with these intensities, negligible multiphoton absorption is occuring, given
the low density of states in the CO molecular absorber.

Also shown on Fig. 3.4 are the V-V pumping transitions, created when two CO
molecules collide and exchange a quanturr of vibrational energy. These
processes are typically much more rapid tt..An the rate of energy absorption
from the excitation laser, and very much ,c3:re rapid than V-T deactivating
collisions or spontaneous radiative decay. As indicated on the figure,
vibrational levels up to approximately v=40 have been observed to be

populated by the V-V process. It was first specifically noted by Farrenq, et al.
[14] in V-V pumped CO in an electric discharge that levels above v--42 are not
populated in the V-V pump. This same limit appeared to occur in previous
optically excited experiments [3, 11-12], despite the fact that the dissociation
energy of the CO Xl + state is 11.09 eV, and there are 40 additional bound

vibrational levels above v--42 in the Morse oscillator model of CO. This limit on
the up-pump appears to be a consequence of rapid V-E transfer into the A1 -II

state, which is approximately isoenergetic with v--42. It should be emphasized,
however, that the mechanism coupling the Xl IT+ and A1 H states has not yet

been detailed. In any case, the CO A1 H state rapidly radiates on the CO 4th

Positive UV emission bands (10 nsec lifetime), effectively putting a cap on the
V-V up-pump [2-3, 11-12, 14]. In the present experiments, emission from
vibrational bands to v=40 have been observed at O.S.U., and to v=27 at
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Central. Paris. The highest significantly populated vibrational level has not yet
been determined for either of these experiments.

Also shown in Fig. 3.4 is the a3 n state. There is also some energy transfer into
this state from the V-V pumped X1 + states; reaction from the a3 rI is
presumably a major channel for the production of the C2 that is observed in

emission [1, 3, 11-12, 14]. Unlike the transfer into the Al1"I, however, transfer
into the a3 f" does not stop the V-V up-pump; the radiative lifetime of the a3r
state is long (4 msec) and the chemical reaction and any other quenching
channels are not sufficiently rapid to provide a major energy sink. Nevertheless,
perturbation of the steady-state V-V pumped X1I:+ state vibrational populations
due to this transfer have been observed in high resolution FTIR spectroscopic
studies in electric discharges (14].

Our previous studies of CO laser-excited, V-V pumped, gaseous CO have
yielded data on the rates for some of these processes at moderate
translational/rotational mode temperatures, below 370K [2]. More recent work
has indicated that the V-V up-pump can occur at higher temperatures, of the
order of 800K [3]. The present study independently confirms that the results of
Ref. 3 are at 800K, and extends results to 1500K translational/rotational mode
temperature; strong up-pumping is still occurring at these surprisingly elevated
temperatures. This is discussed further in Section 4.

3.2.3 Translational/Rotational Mode Temperature Measurement

C2 Swan Emission - OSU

In contrast to the emission from electric-discharge-excited CO plasmas [15],
there are few band systems emitting in the visible and near-ultraviolet
wavelength regions from the vibrationally pumped gases in the present
experiments. By far the strongest system at these wavelengths is the C2 Swan.
Fig.3.5 shows a typical spectrum from one sequence (Av=0) of this band

system. The R-branch of the v=0-0 sequence is rotationally resolved; the
closely-spaced multiplet structure is not separated. The values of J' for each
line are indicated on the figure. The radiative lifetime of the C2 d3 f"g state is

sufficiently long (0[1 psec]) to ensure that these states are rotationally
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equilibrated, and, therefore, the intensity distribution of these lines can be used
to infer the rotational mode temperature. Under the entire range of operating

densities of the absorption cell, rotational mode relaxation is sufficiently rapid to
insure that this temperature is equilibrated to the translational mode

temperature and the CO rotational mode temperature. Fig. 3.6 shows the usual
semilogarithmic plot to determine this temperature, for the spectrum of Fig. 3.5.
The pump laser was operating at 7.5 W c.w. power, and the gas pressures in

the cell were 9 Torr CO and 51 Torr Ar. The gas temperature is inferred as
753K. Over the range of cell temperatures in the present (OSU) experiments,
accuracy of this measurement is estimated to be ± 50K.

CO 1st Overtone Emission - Centrale Paris

At Centrale Paris, temperature measurements have been performed by fitting
the CO first overtone emission. The cell is filled with Ar under a total pressure

of 240 Torr, and pure CO is injected at the center of the absorption cell at a
speed of 1 ms-1 . The pump laser is operating at 27 watts c.w. power. Fig. 3.7
shows a portion of the first overtone spectrum, which corresponds to emission
from CO vibrational levels v=4 to 8. The apparatus function of the

monochromator is a triangle with a half width at mid height (HWMH) of 1.3cm-1 ,
so that the lines of a given vibrational transition, which are distant about 4 cm-1 ,
should be well separated. Nevertheless, the badly resolved rotational structure
demonstrates that there is a significart overlapping of the different bands and
gives evidence that the levels of high J are populated. This is confirmed by the
large emission in the band heads and proves that the temperature is high.
In order to deduce the rotational temperature and the vibrational distribution,
we make a fit of the experimental spectra, as primarily suggested by Horn and
Oettinger [16]: when assuming that the rotational mode is at equilibrium at the
translational temperature T, the theoretical intensity of the emission is given by:

ITH(a)= YXNvUv(CT) (1)

all bands
(v,v-2)

where Nv is the total population of level v, a is the wavenumber, Uv (a,T)

results from the contribution of all the rotational lines within the band (v, v-2),

14



and is convoluted with the apparatus function. Under our experimental

conditions, the line shape is a Voigt profile with HWMH of typically 10-2 cm"1.

Since this value is much smaller than the width of the spectrometer apparatus
function (1.3 cmnl), one can calculate Uv (a,T) by using Dirac lines; this leads

to:
(2)

Sx[TA2v,J 2JQ+1 eFv(J)/kT hv,J ,'mono (a -vJUvO,)= • rv-2,J Qrt()"v-2,J' tmn v-2,j

all J J"=J:l

J'=J+1 for the P lines and J'=J-1 for R lines; OVJv.2,J' is the wavenumber of the

transition (v,J) -> (v-2, J') (17], AVJv.2,J' is the Einstein coefficient for

spontaneous emission [18], Fv(J) is the rotational part of the energy of the level
(v,J) [17] and 1mono is the apparatus function.

Nv and T are then deduced from the experimental spectra, sampled in n points

(ai, IEXP(ai)), by using equations (1) and (2) and by minimizing the quantity:

2
y[IH(Ci) _ IEXP (y)] (3)

In order to solve this separable nonlinear least square problem (Nv are linear

parameters and T is a non linear one), we use a technique based on the

theoretical developments by Golub and Pereyra [19]. This method, contrary to

that of Horn and Oettinger [16] or De Benedictis and al. [20] has the advantage

of being noniterative, and thus does not require an arbitrary assumption for the
initial shape of the Nv distribution.

Fig. 3.7 shows the experimental spectrum (EXP) and the calculated spectrum
with the fitted values of Nv and T (TH). The discrepancies remain lower than

5% except in spectral regions where absorption lines of water vapor in the

optical path coincide with emission lines of CO. The regions, like that between

4000 and 4160 cm- 1 , where the absorption by laboratory air does not perturb

the fitting procedure, are unfortunately too narrow to allow a correct

determination of all the vibrational populations, but permit a reliable

measurement of temperature. In the conditions of Fig. 3.7, the deduced

temperature is 1500K (± 100K).
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Recordings of perimental spectra between 3100 and 3300 cm' 1 show that
levels up to v,27 are significantly populated. This efficiency of W pumping is
remarkable when considering the high rotational temperature obtained in the
present experiment.

C2 Swan Emission - Centrals Paris

The rotational temperature has also been inferred from the R branch of the C2
Swan Av,0 emission spectrum, as discussed in section 2.3, C2 Swan
Emission - OSU. This leads to a temperature of 1450K ± 100K in very good
agreement with that obtained from IR measurements. Fig.3.8 shows the C2
Swan band emission spectra for these elevated rotational temperatures. It is
Important to note that when the pump laser power is set to that used in OSU (6
Watts c.w.), rotational temperature deduced from C2 spectra is 660K ±50K.
This value is in quite good agreement with the OSU measurements given the
different flow geometry.

3.2.4 Vibrational Band Emission Measurements

The rate of the V-V up pump is of considerable interest, in view of the high
rotational/translational mode temperatures of the present experiments.
Previous measurements of V-V exchange rates among high vibrational levels
in CO have been at temperatures of 370K and less [2]. In the O.S.U. apparatus,
the excitation laser was Q-switched with an intracavity chopper, and the
response of the CO in the cell to the pulsed energy input was investigated.
Fig.9 shows the shape of the 0-switched laser pulse, when the laser was
chopped with a 50% duty-cycle chopper at 200 Hz. Fig.9a shows the entire
pulse shape; pulse duration is 2.5 msec. The initial spike created by the cavity
dumping is evident.

To investigate the rate of V-V up-pumping, the infrared monochromator was
positioned at a wavelength centered on a preselected 1st overtone vibrational
band component. The output of the InSb detector on the monochromator was
directed to a gated boxcar averager. This infrared signal was monitored at
selected time Intervals during the laser excitation pulse. A 15 gsec gate was
typically used, and 3000 pulses were averaged at each time interval. Fig. 3.9b
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shows an enlargement of the initial portion of the laser pulse, and shows the 15
gtsec gate positioned at approximately 0.2 msec before the pulse.

Fig. 3.10 shows the time-dependent 1st overtone emission signal obtained by

this means, with the monochromator centered at four selected wavelengths. As

indicated on the figure, the selected wavelengths correspond to the centers of

the v=4-2, v=19-17, v=35-33, and v=39-37 band components. The cell

conditions for these data are given on the figure. It is important to note that for

these pulse conditions, 100% modulation is not attained at any of the four

selected wavelengths; vibrational relaxation times, even when catalyzed by
reaction products, are sufficiently long so that even the highest vibrational

states monitored remain partially populated during the 2.5 msec laser-off
period. This rather large vibrational heat capacity effect insures relatively small

fluctuations in the rotational/translational mode temperature during the pulse.
The average rotational/translational mode temperature, measured by the C2

emission diagnostic discussed above, is 740K. The sequential rise of each
progressively higher band component can be seen; the rise times, of the order

of 0.1 msec, are in contrast to those observed in lower temperature experiments

[2]. These fast rise times are a consequence of the faster V-V rates at the

present temperature.

Very high energy loading of the vibrational mode can be obtained in these

experiments, which permit the V-V up-pump despite the high
translational/rotational mode temperatures. Fig. 3.11 shows low-resolution first

overtone emission spectra from the pumped CO for CO concentrations varying

over two orders of magnitude. For these data, the cell gases are diluted by Ar;
Ar concentration is approximately constant at 3 x 1018 cm-3 . The centers of the

vibrational band components are indicated on the figure. The maximum

bandpass for this resolution is approximately 0.25 micron; this implies that

approximately five adjacent vibrational states contribute to the emission at a
given wave-length. Emission is measured to =4.4 microns, at which

wavelength the R-branch of the v.1-0 band component of the CO fundamental

begins, and swamps signal from the overtone, as can be seen. Air in the optical
path causes significant H20 absorption in the 2.4 to 2.8 micron region, and

significant CO2 absorption from 4.2 to 4.4 microns. The CO2 absorption and the

overlap of the fundamental are particularly unfortunate diagnostic
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complkcations, since they prevent determination of the highest populated

vibrational level from these low-resolution spectra. Nevertheless, it is evident

that levels to at least v=40 are populated for all CO densities shown in the

spectra of Fig. 3.11.

For the data of Fig. 3.11, the absorbed power decreased slightly with the

increasing number density, varying from 1.2 W at the highest CO concentration

to 1.0 W at the lowest concentration. This near-constant absorbed power for the

greatly varying number density implies that the vibrational mode energy

loading per CO molecule is greatly increasing with decreasing concentration.

This is confirmed by the emission spectra. It can be noted that although overall

emission intensity can decrease with decreasing CO concentration, there is a

marked increase in the relative population of the higher states with such

decreasing concentration. For example, ratioing intensities at 2.40 and 3.25

microns implies an increase in n2 5/n4 of more than a factor of 2 as the CO

density is decreased over the range shown.

3.2.5 Ionization Measurements

It was proposed by Polack et al. [21] that an associative ionization mechanism

involving vibrationally excited diatomic molecules could occur by the following

scheme:

AB(vl)+AB(v 2 )--AB+AB ++- if E(vl)+E(v 2 )>Ei (4)

where AB(v) is the molecule in the vth vibrational state with energy E(v) and
E• is the ionization energy. The reverse of this reaction is a form of the well-

known dissociative recombination mechanism which is a major mechanism

controlling the electron concentration in many molecular plasmas [22]. The
work of Ref.21 specifically studied N2 plasmas, and a specific rate of the

ionization of N2 by this mechanism was inferred experimentally. A major

difficulty in studying this process in an electric discharge plasma is that there

are several ionization mechanisms operating in addition to Eq.4, and

separation of this single ionization process can be ambiguous. However,

Achasov et al. [23] have made ionization measurements in the adiabatic

supersonic nozzle expansion of shock heated N2 and CO. As noted in Sect.1,
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such rapid expansions of high enthalpy flows can create the requisite

nonequilibrium conditions (high vibrational mode energy, low

translational/rotational mode temperature) strongly favoring the V-V up-pump.

This study, having been conducted in a discharge-free environment with
negligible thermal ionization, clearly showed electron production in both N2

and CO by the Eq.4 mechanism. Electron concentrations several orders of
magnitude above the concentration predicted by Saha equilibrium were
measured in the expansion.

The present experiment also shows ionization in CO by the mechanism of Eq.4.

For these ionization measurements, two parallel brass plate electrodes were
placed in the absorption cell. One plate was on each side of the luminous

region of the V-V pumped gas, centered about the focal point of the laser beam.

The total plate separation was 2 cm; each plate was a 1 cm x 2 cm rectangle.

The long dimension of the plates was along the laser beam axis. A d.c. voltage

was applied to these electrodes. Under all cell operating conditions in which

significant V-V pumping was produced, a current could be drawn through the

gas with moderate voltages applied; voltages were much below breakdown

threshold for the cell gases. Currents were measured with a microammeter.

Fig.12 shows typical voltage-current characteristics for one experiment. For this

case, CO/Ar concentration ratio was 4/69, and the cell pressure was varied form

60 to 500 Ton-. Laser power was 5.1 W c.w. From the measured currents, the

electron concentration can be estimated from:

I
A~u, (5 )

where I is the measured current, Ae is the estimated collection area, and ue is

the electron drift velocity for the applied E/N. Electron densities calculated from

Eq.5 are in the range of 107 cm-3 to 108 cm-3 for a plasma area of 0.1 cm2 , for
the data of Fig. 3.12.

The measured currents, though small, can definitely be correlated with the

volume ionization created by the laser excitation, via the mechanism of Eq.4.

The possibility of photo-ionization of the plates, by U.V. radiation from excited
CO electronic states (Fig. 3.4), was excluded by surrounding the active pumped
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region in the cell by a 1 cm diameter U.V. grade quartz tube. Negligible currents
could be drawn at all applied voltages with this arrangement. Some checks
were also made for the possibility of an easy ionizable impurity creating

electrons by ionizing collisions with highly vibrationally excited CO.
Measurements with ultra high purity CO, and with liquid nitrogen trapping of the
test gases before the cell did not show substantially lower ionization.

Finally, some preliminary experiments were performed to examine the
response of the current to the pulsed operation of the laser. Fig. 3.13a is an

oscillogram of the laser pulse, taken with the fast photodiode, and the current
response. The modulation of the population of vibrational level v=22 was
simultaneously monitored in these experiments by use of a narrow bandpass

filter centered at 3.05 microns. This response is shown in Fig. 3.13b. In all
cases, the rise in the current was subsequent to the rise in v=22 emission. The
plasma decays after the laser pulse with times of the order of a few

milliseconds. This is unexpectedly rapid when compared to known associative
recombination times for CO molecular plasmas [24]. The presence of an
impurity which is a strong electron attacher is suspected. As discussed in [24],
iron pentacarbonyl, Fe(CO)5 , generated during storage of the CO test gas in a

steel cylinder is suspected. Further experiments with traps to eliminate electron-

attaching impurities are planned.

3.3. Kinetic modeling

A master equation kinetic model has been previously developed and applied to
V-V pumping experiments in CO and NO [2-4]. The earlier work in CO had been
used to correlate experiments at temperatures below 370K [2], and led to
specific V-V rate model expressions valid over a temperature range 150K < T <_

370K, and a vibrational quantum number range 0 < v _< 35. This rate

expression is also in agreement with the experiments and model rates of Powell

[25], which includes some data to 500K.

The previous model has been further developed and applied to the present

experiments. A major question is whether the V-V rate expressions, obtained
from lower temperature data, are valid for the present elevated temperatures.
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We have applied the model to two of the experimental cases discussed in the
previous section: the steady-state experiment at 1500K (Sect.2.3) and the 0-
switched pulse experiment at 740K (Sect.2.4).

The numerical results presented in this section were obtained with a computer
program which integrates the full set of kinetic equations describing the

vibrational level populations in each electronic state as a function of time. Rapid
integration of some seventy vibrational level equations relies upon efficient

"stiff' equation integration routines [26, 27].

3.3.1. Equations

A description of the master equation kinetic model employed in the present
study has been given previously [2-4]; therefore, only a brief summary is
included here. The time dependence of each vibrational level in up to two
coupled electronic manifolds is expressed as a sum of five rate processes:

dn,.v /dt =VV,.v + VT,., + SRD,. + VE,. + PLi.V (6)

i = 1,2 and v = 0, 1, ... , ( vmax )i

where niv (also written ni(v)) is the number density of molecules i in vibrational

quantum level v, in cm- 3 ; i = 1,2 represents the ground state and one
electronically excited state of CO respectively; and (vmax)i is the highest level
included in the vibrational manifold, where (vmax)i < 80. Allowance is also

made for an inert diluent, which in the present case is argon. The translational

and rotational modes of the system are assumed to be in equilibrium at
temperature T.
In the right hand side of the above equation VVi,v is the vibration-vibration

exchange rate, VTi,v is the vibration-translation exchange rate, SRDi,v is the
spontaneous radiative decay rate, VEi,v is the vibration-electronic exchange

rate, and PLi,v is the absorption and stimulated emission rates due to the CO

pump laser. In our calculations the VV term is the sum of a long-range dipole-

dipole Sharma-Brau term and a short range impulsive Schwartz-Slawsky-
Herzfeld (SSH) term [28]. The VT rate used is a modified SSH model [29, 30].

The VE term employs an analytical form based on a collision-induced near-
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s eehange mechanism [4]. The appendix gives t actual W, VT, yE,
SRD and PL used.

3.3.2. Input values

All the parameters needed in the calculation of the W, VT, VE and SRD rates

are given in Table 1 and Table 2. Table 2 in particular gives the spontaneous
electronic radiative transition rates from the electronic excited A1 " state to the

electronic ground level of CO. The spectroscopic parameters used in the

computation of PL are given in Table 3. These parameters are directly taken
from Huber and Herzberg [21].
The input values characterizing the experiment are the temperature, the gas

partial pressures in the cell, and a precise description of the laser pulse, which
includes the power, the focus, the shape and the wave-lengths used. These

input values are given for each application of the code (see below). The beam

focus is a significant input parameter that is not directly measured in the

experiment and is therefore treated parametrically in these model calculations.

3.3.3. C.w. case

We first apply the code to the calculation of the c.w. experiments. The cell
conditions are: PCO = 24 Torr, PAr = 216 Torr. The wavelengths and spectral

power disti ibution of the excitation laser are listed in table 4 (see also the
spectrum in Fig.2). For these conditions, the calculation was begun with the

gases initially in a 1500K equilibrium state. Eq.6 was integrated untih steady

state was achieved for the vibrational populations. Calculation was done for two
focal diameters, 3.0 and 1.0 mm. Fig.14 shows the calculated steady state

distribution for these two cases. As can be seen, the model rates predict strong
pumping to v = 35 for the 3 mm focus, and to v - 40 for the stronger 1.0 mm

focus. 1.0 mm is the focal diameter estimated for the experiments of Sect.2.3.

3.3.4. 0-switched case
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This case models the pulsed experiment of Section 2.4, the results of which are
given in Fig. 3.10. The cell conditions are: PCO = 6.14 Torr, PAr = 103.9 Torr, T

= 740K. The laser is 0-switched at 200 Hz, with a 50% chopper, giving a 2.5
msec duration pulse, with a 2.5 msec off-period. The model pulse shape closely
approximates the experimentally measured shape of Fig. 3.9. Note that the
laser pulse intensity start to decrease at 2 msec. The simplifying assumption is
made that each lasing spectral line has the same temporal dependence as the
total power pulse shape of Fig. 3.9. Total laser power is 2.2 W. Results are
calculated for a range of power densities, W/cm 2 , corresponding to varying
focal diameters. The solution is started from initial conditions for the cell gas in
equilibrium at 740K. The calculation is continued until there is no pulse-to-
pulse variation in the vibrational state populations. Figs. 3.15 and 3.16 show
the predicted first overtone radiative intensities from four vibrational levels, v-4,
19, 35 and 39. Intensity is calculated from:

IV = (EV - Ev_2 )Av,v_2nv (7)

where Iv is the intensity from vibrational level v, Ev is the energy of this level,
and Av,v-2 is the Einstein coefficient. Fig. 3.15 shows these intensities for a

power density of 22.0 W/cm 2 , and Fig. 3.16 for a lower density of 2.2 W/cm 2 .
The calculated intensities have been referenced to a common zero and then
normalized. It can be seen that at the higher power density, the radiative
intensity follows the shape of the excitation laser pulse (Fig. 3.15). The lower
power density case, for which the laser excitation rates (PLi,v) are much
smaller than the V-V rates (V-Vi,v) for all levels, do not reflect the shape of the

pump pulse, and are in reasonable correspondence with the experimental

intensities of Fig. 3.10.

3.4. Discussion and Conclusions

V-V pumping of vibrational nonequilibrium is generally regarded as a low
temperature phenomenon. It is certainly true that some of the most extreme
nonequilibrium vibrational population distributions created by this mechanism
have been observed in solid and liquid CO [32-34]. Nevertheless, the key
criteria for such disequilibrium are [35]:
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(a) The translational temperature must be less than the characteristic
vibrational temperature of the gas, to ensure that the vibrational exchange
mechanism is dominant : T < Ochar, where 0 char = h v / k

(b) The vibrational *temperature" parameter 8l * must be at least a

considerable fraction of the characteristic vibrational temperature if tiere is to
be any significant influence of the excited vibrational states:

01* / echar = [ In (no / nl) ]-1 = 0 [1] (8)

(c) The ratio of the vibrational temperature parameter e l* to the
translational temperature must be considerably greater than 1:01* / T >> 1.

It can be seen from this that if the vibrational mode energy loading is sufficiently
high, pumping will occur even if the translational mode temperature is a sizable
fracion of the characteristic vibrational temperature, echar, which is 3,120K for

CO. This is what is occuring in the present experiments. The focused, multiwatt
laser excitation powers provide sufficient vibration mode energy loading to
create V-V up-pumping even at translational/rotational mode temperatures up
to approximately Ochar / 2.

A related issue is the rate of the V-V up-pump. The laser is directly coupled only
to the lowest vibrational states, v _< 12. Indeed, at initiation of the V-V pump,
beginning with 300K CO, there is significant energy absorption only into level
v-1 and 2. Higher states, up to at least v=35, are populated by the V-V pumping
mechanism. It is important to note that for most of the approach to the steady-
state nonequilibrium vibrational population distribution, the dominant rates are
relatively near-resonant processes [3]. For such processes, the specific V-V rate

consant Qjv'v-l
constant,-w (see Appendix) has I v - w I a small integer. These rates are

quite rapid, and increase with increasing vibrational quantum number. Both the
long-range and short range processes contribute to the overall rate; the total
rates increase rapidly with increasing translational mode temperature. The

present specific rate model, as detailed in the Appendix, gives pumping times
in good agreement with experimental time-dependent emission measurements
to translational temperatures of 750K.
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The final feature of the present experiments is the observation of ionization
accompanying the production of strongly V-V pumped nonequilibrium
distributions. The ionization, although slight, is clearly a consequence of the
high-level vibrational excitation of CO. The rapid plasma decay after the laser
pulse suggests as we have noted, that a strongly-attaching impurity is present
in the cell gases, which is likely to be Fe(CO)5 . Further experiments with

trapping of this impurity will be conducted; it is probable that with the removal of
impurity attachers, the steady-state electron concentration will be much higher
than is measured here. We note however, that the present low electron
concentrations insure that molecule-electron collision processes cannot have a
significant influence on the basic energy transfer processes studied in these
experiments.

In conclusion, the high rotational/translational mode temperature at which
extreme vibrational disequilibrium can be produced in CO has implications for
the chemistry of those plasma reactors using CO and those using N2 , which

has a characteristic vibrational temperature and long V-T relaxation times
similar to CO. Such plasma reactors include both CO 2/H2 0 reactors for H2

production [36] and N2/SiH 4 reactors for silicon deposition [37]. Despite the

high rotational/translational mode temperature which can exist in such reactors,
V-V pumped nonequilibrium processes can control the reaction kinetics.

We introduce ni,, the number density of the primary species i, in vibrational
state v, in part/cc; nj,w the number density of the secondary species j in

vibrational state w, in part/cc; ni = ni, the total number density of species i, in
part/cc; and nT = Zni the total number density of the mixture. In the following, we

i I

use the internal energy of molecule i in vibrational level v of species i (in cm- 1):

El,, = Tei + Oe, (v + D- Coe Xe (v + _)2 where Tei (in cm-1 ) is the electronic

energy, and where (0e, (in cm"1) and xe. (dimensionless) are the spectroscopic

constants (fundamental vibrational frequency and anharmonicity, respectively)
for the molecule i (see Table 3.3).
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'I- 't r- <d '

Vlbratlon-translatlon term:
The VT term of equation (6) is written as

VTi'V = nj { .+i [ni.v+[ - exp(-AEY / kT)ni', I
J

Pv-I n,v- exp(--AEIY-' / kT)ni,_-]

where PiYv-1 is the rate constant (in cm3/s) of the V-T transition:
Xi (v) + Xj -.+ Xi(V -1) + Xj

Xi(v) refers to species i in vibrational state v. The rate constant can be

expressed as follows [22,52]:
pVV-1 = P9 (T). v - Fl(Y,v- lv

1 XeiV "j -j

F is a function given by [49]:

3 
3V =2-2 I E

""i Tki

ýE is the energy difference (in Joules) between the products and the reactants

in the V-T transition;
ei = hco~ei / k is the vibrational characteristic temperature of species j where

c is the speed of light (in cm.s"1 in all the appendix);

eij = 167c 4 ijc 2( 2i 2 /k is in Kelvin [38] where ,ij is the reduced mass (in

kg) and 1 (= 0.2 10-10 m) is the range parameter.

In the rate constant expression, PiR(T) is a coefficient which allows fitting to

experimental relaxation time data. It is expressed (in cm3/s) as:

10-7 (1 - xei)kT

{(ijp) - exp((T)

Here ;ijp is the vibrational relaxation time in atm.gs (10-7 J s cm-3) and is

given by:

In (Tijp) = Aij + BjT 3 + CjT 3

Aij, Bij, Cij are chosen in order to fit the experimental data (see Table 1).
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Vibration-vibration term:
The W term, including only the single quantum transitions, is written as:

VV'v = I ftQi +I n~~n~ exp(-AE!,w / kT)ni1 vnj~w+i
j WWO WWIII

-Q [nivnj,w - vxp(-AE!l-w i

where r• v'v-l is the rate constant (in cm3/s) of the V-V transition:
Xi (v) + Xj (w -1)-+ Xi (v -1)+ Xj (w)

The rate constant is the sum of two terms, the first being the contribution of the
short-range interactions, and the second the contributions of the long-range
forces due to dipole-dipole interaction. The rate is expressed as [2]:

AE
Q vvj- = Z sij S.., + L ]Y 2--

Zij -- 400 aij2ii

where Zij is the collision number in cm3/s and nicr2 is the cross section in cm2

(see Table 3.3).
The dimensionless short-range contribution is given by [38]:

S..VV_1 =S T v W v'V_ ( i..v,v-l /
Jw-1,w 1J 1- Xeiv 1 - Xjw r, 1Jw,w-1

F(.), X, and aE have the same definitions as above.
The dimensionless long-range contribution is given by [39]:

L..v,v-1 91 1W~Wj_.--"W TL~• ( v 'l, exp k2bijT

S0 (in K-1), 12 (in K) and bij (in K) are empirical parameters matched to

experimental data (see Table 1) and:( V'v-1 ~2 ai +1 v~ v(aj+2-2v)(ai +4-2v)1

+} ai+3 - 2 vJL a- (a +3-v)
where ai = 1 / Xei
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Vibralon-eotrnlo term:
The collialon-induced V-E terms are retained only here:

w
VWi,vfnlT f S"t'{fnj,w +nfi,v exp[-hc(Ej,w -E v/ kT]}

j*i w=O
where Sijv is the rate constant (in cm3 /s) for the collision induced vibration-

V to-electronic transition:

Xi(v) + X -+ Xj(w) + X

Xi(v) and Xj(w) are two electronic manifolds of the same species. Their

vibrational states are v and w respectively. It is assumed that collisions can
induce the transition from Xi(v) to Xj(w) when the energy of these molecules

are very close. The rate constant is modeled with a Gaussian function of the

energy defect; the width and the maximum of the Gaussian rate are empirical

parameters.

Svw ,V soexp cE) 2-exp(- .)
ij V - (- CV hcCe )2kT

The vibrational spectroscopic constant, oe, is taken to be the larger of the

constants for the two electronic states involved. The adjustable parameters are
0S° (in cm 3 /s) and CVE (dimensionless). In the case of

CO(XI:) -- CO(A1 I[) transfer, values of these parameters were obtained by

fitting kinetic rate models to V-V up-pumping experiments in optical cells [2-4].

The range of validity of the resonance model above remains to be determined,

in detailed state-resolved experiments. The value of these parameters are

indicated in Table 1.

Spontaneous radiative decay term:

The spontaneous radiative transfer term is written as:
SRDi,V = SRVDi,v + SREDi,V

where U*[A+UV. 

-A'-

SRVDi,v - A .+uvni,v+u - Av~vufi.v]

is the radiative transition between vibrational levels with the same electronic

state, using the Einstein coefficient [40]:
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AYv'vu 1 v! bv (b + u)(b + 2 u)

i (a -2)(a -3) (v -u)! u-i
11 f(b -v+ q)
q-0

with bv av -2v -1, and u*, A!' 0 (in 1/s) given in Table 1;

and where:
w-wmax

SRED w.) wmi. CO(AIH),co(x1x)flCO(Aln),w
and

SECO(A n),v fCO(AlU),v An OA~w~1.

using the Frank-Condon factors AV " (in 1fs) given in Table 2.

Stimulated emissionlabsorption term:
The stimulated emission/absorption term is written [4]:
PL i~c~xlz+)v =0

PLCO(Xiz+),v = [ Tv+i,vfli,v+i - Tv~v+ilni,v] [Tv,v....ni,v - Tv- viv-

where Tv,, and Tvv~ are the rate constant (in 1/s) of the PL term [24]:

[ma(x + 1) QP (vi) exp(- hjYIJ,v+1) + I_ (vj) ex( CFj,v+i

1-- nCk = ik

- I+ Av+i,,Bv 2 IV. (t)*
=8ickT vv+i,,} i

j(J + 1) QnPi(vj)C PjFJiv ex R- eP j -jJ..v)J

and vv~,~ = c(ivl- Ei~v) (in 1/s) is the band center frequency, IV j (t) is

the pulse height (in W/cm2), B v = Be -ae (V +1/ 2) +Ye (V +1I/2) 2 (in
1/cm) is the vibrational constant, and the Lorentzian line shape factor is written
(in s) [55]:
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QPtR(Vj)- 2vc((V. - v.R)2+(Av/2)2)'

where Avc = 102 j nkd4o,k 18kT/7qItCO,k (in 1/s) is the pressure-
k

broadened line width, dco,k being the optical collision diameter (in cm) and
whreVP,R = VP,R

where V nR = v v (.) V v +.1 1 + - Fj±I,v ] (in 1/s) is the center of

the absorbing line, with Fj,v = BVJ(J + 1) - DV (J(J + 1))2 the rotational-

vibrational contribution (in 1/cm) and Dv = De + Pe (v + 1 / 2) the rotational

constant (in 1/cm).
All the different parameters are given in Table 3.3.

B . -rncese

[1] J. W. Rich and R. C. Bergman, Chem. Phys. 44 (1979) 53.
[2] R. L. Deleon and J. W. Rich, Chem. Phys. 107 (1986) 283.
[3] W. Urban, J.-X. Un, V. V. Subramaniam, M. Havenith and J. W. Rich, Chem.
Phys. 130 (1989) 389.
[4] H. D0nnwald, E. Siegel, W. Urban, J. W. Rich, G. F. Homicz, and M. J.
Williams, Chem. Phys. 94 (1985) 195.
[5] P. Brechignac and J.-P. Martin, IEEE J. Quantum Electron., QE-12, 2 (1976)
80.
[6] N. Djeu, Appl. Phys. Left., 23, 6 (1973) 309.
[7] M. A. Gutin and A. P. Kolchenko, Soy. J. Quantum Electron, 18, 1 (1988).
[8] J. Puerta, W. Hermann, G. Bourauel and W. Urban, Appl. Phys., 19 (1979),
439.
[9] E. Samimy, Optimization of Short Wavelength Operation in the Carbon
Monoxide Laser, MS Thesis, Mechanical Engineering Department, The Ohio
State UnIversty, (1980).
[10] J. W. Rich, R. C. Bergman, and J. A. Lordi, AIAA Journal, V13, 1 (1975) 95-
101.
[11] R. C. Bergman, G. F. Homicz, J. W. Rich and G. L. Wolk, J. Chem. Phys. 78
(1983) 1281.
[12] G. L. Wolk and J. W. Rich, J. Chem. Phys. 79 (1983) 12.

30



[13] D. B. Cohn, C. G. Parazzoli, D. G. Beck and F. N. Mastrup, IEEE Quantum
Electron, QE-22, 5 (1986) 723.
[141 R. Farrenq, C. Rossetti, G. Guelachvilli and W. Urban, Chem. Phys. 92
(1985) 389.
[15] C. E. Little, The Interaction of Stimulated Emission and Gain Medium in the
CO laser, PhD Dissertation, School of Mathematics and Physics, Macquaire
University, North Ryde, N. S. W., Australia (1987).
[16] K. P. Horn and P. E. Oettinger, J. Chem. Phys., 54 (1971) 3040.

[17] G. Guelachvili, D. De Villeneuve, R. Farrenq, W. Urban and J. Verges, J.
Mol. Spec., 98 (1983) 64.
[18] C. Chackerian,Jr. and R. M. Tipping, J. Mol. Spec. 99 (1983) 431.
[19] G. H. Golub and V. Pereyra, SIAM, J. Numer. Anal. 10 (1973).
[20] S. De Benedictis, R. D'Agostino and F. Cramarossa, Chem. Phys., 71
(1982) 247.
[21] L. S. Polak, I. A. Sergeev and D. I. Slovetsky, Templofiz. Vysok. Temp., 15
(1977) 15.
[22] E. M. McDaniel, Collision Phenomena in Ionized Gases, John Wiley &
Sons, Inc., New York-London-Sydney (1964).
[23] 0. V. Achasov, N. A. Fomin, D. S. Ragozin, R. I. Soloukhin and S. A.
Zhdanok, Revue Phys. Appl. 17 (1982) 15.
[24] R. E. Center, J. Appl. Phys., 44 (1973) 3538.
[25] H. T. Powell, J. Chem. Phys. 63 (1975) 2635.
[26] A. C. Hindmarsh, ACM SIGNUM Newsletter, 15 (1980) 10.
[27] E. S. Oran and J. P. Boris, eds, Numerical Simulation of Reactive Flow,
Elservier Science Publishing Co., N. Y. (1987).
[28] W. Q. Jeffers and J. D. Kelley, J. Chem. Phys., 55 (1971) 4533.
[29] J. Keck and G. Carrier, J. Chem. Phys. 43 (1965) 2284.
[30] K. N. C. Bray, J. Phys., B1, (1968) 705.
[31] K. P. Huber and G. Herzberg, "Molecular Spectra and Molecular Structure,"
V4 : "Constants of Diatomic Moleculeso, Van Nostrand Reinhold Co., New York
1978.

[32] N. Legay-Sommaire and F. Legay, IEEE J. Quantum Electron, QE-16,
(1980) 308.
[33] J. P. Galaup, J. Y. Harbec, R. Chameau, and H. Dubost, Chem. Phys. Lett.
120 (1985) 188.
[34] D. S. Anex and G. E. Ewing, J. Phys. Chem. 90 (1986) 1604.

31



[361 J. W. Rich, Relaation of Molecules ing Vibrton Eergy, Ch.4

in E. W. McDaniel and W. L. Nighan, Applied Atomic Collision Physics, Vol.3,

Gas Lasr, Academic Press, N. Y. (1982).

[[36] V. D. Rusanov, A. A. Fridman, and G. V. Sholin, Sov. Phys. Usp., 24 (1981)
447.
[37] C. A. DeJoseph, Jr, Reactions of Silane in Active Nitrogen, Dissertation,

University of Oklahoma, Norman, OK (1989).
[38] R. N. Schwartz and K. F. Herzfeld, J. Chem. Phys. 22 (1954) 767.

[39] R. D. Shama and C. A. Brau, J. Chem. Phys. 51 (1969) 924.
[40] H. S. Heaps and G. Herzberg, Z. Physik 133 (1953) 49.

[41] S. S. Penner, Quantitative Molecular Spectroscopy and Gas Emissivities,

Addison-Wesley Pub. Co., Inc. (1959).

32



Uat of Figaum

3.1. Schematic of experimental apparatus used at Ohio-State. The CO/Ar gas

mixture in the absorption cell (7) is optically pumped by the radiation of a CO

laser (11) and the emission spectra of the gas are analysed with an UV/visible

(14) and an infrared monochromator (4). The laser pulse is monitored by

means of a fast pyroelectric detector (6).

3.2. CO multiple-line laser spectrum, Centrale Paris, 27 W c.w. conditions,

intensity in arbitrary units.

3.3. Absorption cell schematics

a. Ohio State

b. Centrale Paris

3.4. CO potential energy diagram. Shown are the main energy transfer

processes between the vibrational levels of the X1 I ground state, the first

excited singlet state A1 n and the lowest triplet state a 3Hj.
3.5. C2 Swan bands, d3 fig -> a3 H[u, Av=0 Sequence, OSU experiment

3.6. Determination of Rotational Temperature from Av=0 C2 Swan Band

Component Intensities
3.7. Theoretical and experimental CO 1st overtone emission on selected bands

at an inferred rotational temperature T=1500K, Centrale Paris Experiment.

Predicted decrease in transmission by water vapor at 300 K is also shown.
3.8. C2 Swan Bands, d3 1lg -> a3 H"u, Av--0, -1, -2 Sequences, Centrale Pads

Experiment

3.9. Q-Switched laser pulse oscillograms

a. Laser pulse shape observed with the fast pyroelectric detector.

b. Enlarged initial position of the laser pulse and 15 pgs gate signal.

3.10. Time dependence of the first overtone emission (intensity normalized)

after pulsed excitation for selected wavelengths, laser pulse duration of 2.5 ms.

3.11. 1st overtone spectra for selected CO concentrations. Shown are all bands

from v--2-0 to approximately v=40-38 (2.3-4.4 g.m). The rotational structure is not

resolved. The amplifier gain for curve No.2 is twice that of curves 1,3, and 4.

3.12. Measured current in the absorption cell vs. applied electric field E over

total cell pressure P. The cell pressure was varied from 60 to 500 Torr at a

CO/Ar concentration ratio of 4/69.
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3.13. Time dependowce of the current and the overtone emission after pulsed
laser excitation:

a. Laser pulse shape (L) and Current response (C).
b. Laser pulse shape (L) and subsequent overtone emission on v=22-20.

3.14. Kinetic modeling calculation: predicted steady state vibrational population

densities of the V-V pumped CO for two different focal diameters (power

densities) of the laser beam, for T=1 500 K
3.15. Kinetic modeling calculation: predicted time-dependent 1 st overtone

radiative intensities after pulse excitation (0-2.5 ms); laser power density = 22
W/cm2

3.16. Kinetic modeling calculation: predicted time-dependent 1 st overtone

radiative intensities after pulse excitation (0-2.5 ms); laser power density = 2.2
W/cm2
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Table 3.2: Spontaneous electronic radiative transfer

Frank Condon factors (1/s)

v\w 0 1 2 3 4 5 6
0 1.387E+08 2.775E+08 3.062E+08 2.484E+08 1.664E+08 9.785E+08 5.24
1 2.785E+08 1.624E+08 8.263E+06 3.789E+07 1.361E+08 1.867E+08 1.74
2 2.648E+08 8.511E+05 1.097E+08 1.288E+08 2.942E+07 4.349E+06 6.37
3 1.586E+08 8.077E+07 1.045E+08 1.161E+05 7.815E+07 1.047E+08 3.77
4 6.717E+08 1.625E+08 1.289E+06 9.435E+07 5.513E+07 1.691E+06 6.41
5 2.142E+07 1.314E+08 5.637E+07 6.175E+07 1.286E+07 8.476E+07 3.05
6 .5.348E+06 6.514E+07 1.224E+08 2.202E+05 8.478E+07 1.072E+07 3.29
7 1.075E+06 2.277E+07 1.019E+08 5.733E+07 2.837E+07 3.649E+07 5.48
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Table 3.3: spectroscopic constants and PL rate parameters

species spectroscopic constants (in 1/cm except v)
CO(X1 V+) vmax=55, COe=2 l6 9 .8 , (Oexel 3 .2 8 8 , TeO0.O
CO(A1 HI) vmaxlO0, (~e= 15 18.24, (Oexe= 9 .4 , Te=6.5E+4
species PL rate parameters (in 1/cm except d)
CO(Xl V) 0)eYe=1 .051 1E-2, cOeze=5. 74 E-5, (IOeae= 9 .8 3 E-7 ,

(Oebe=3.166E-8, Bel1.93 13, ccel1.75E-2,
Ye=5.487E-2, De=6.12E-6, 13e=9.66E-10,
dco..CO=5.l19E-8 cm, dCO..Ar=5.OE-8 cm,

________ cc,.Cp=3.75E-8 CM
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Table 3.4: output of the CO laser

frequency lines % Of
power

Vibrational rotational
number number
V(2-1) P15 4.8

P16 3.3
V(3-2) P14 5.2

P15 5.9
V(4-3) P13 3.4

P14 9.3
P15 1.0

V(5-4) P13 16.5
P14 4.6

V(6-5) P12 14.8
P14 3.4

V(7-6) PH 2.1
P12 10.5
P13 5.2

V(8-7) PlO 0.6
P12 3.5

V(9-8) NlO 0.4
P11 2.5

V(10-9) P9 1.5i
V(11-I- 0) P8 0.3

P9 0.7
[T1727- 10) IPIO .0.5 _
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Figure 3.3. Absorption cell schematics
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a) 0.5 msec/div

b) 0.1 msec/div
Figure 3.9. 0-Switched laser pulse oscillograms

a. Laser pulse shape observed with the fast pyroelectnc detector.,

b. Enlarged initial position of the laser pulse and 15 ILs gate signal.
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a) Laser and Current Pulses

b) Laser and v=22 Emission Pulses
Figure 3.13. Time dependence of the current and the overtone emission after pulsed

laser excitation:

a. Laser pulse shape (L) and Current response (C).
b. Laser pulse shape (L) and subsequent overtone emission on v=22-20.
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4. CARBON NOWOXIDE STUDIES II:

Vibrationally Stimlated Ionization of CO"

This chapter adapted from I. Adamovich, S. Saupe, M.J. Grassi, 0. Shulz,

S. Macheret, and J.W. Rich, Chem. Phys. 173, 491 (1993)
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4.1 W lu ctiotnm

Ionization mechanisms in diatomic gases are widely studied due to

their applications to high-enthalpy gas dynamic flows, to electric discharge

phenomena, and to gas laser development. There is a large literature on the

study of ionization in diatomics by electron impact and by photoionization

(see, for example, [1) and references therein).

The present chapter addresses an additional ionization mechanism

which may well be a major electron source in gas environments In which the

vibrational mode energy Is high. It can be described by the following

kinetic equation:

AB +AB* + e-

AB(v) + AB(v'] -- (1)

(AB)* + e"

where:

E +Ev, >E

Here, AB(v) represents a diatomic gas molecule in the vth vibrational

quantum state, AB(v') is the molecule in the v'th state, E and E , are the
th ,th

energies of the molecule In the v and v' states, respectively. E is theI

Ionization energy of the molecule. Basically the preceding scheme states

that ionization can occur by two-body collisions of the diatomics, if their

total energy exceeds the ionization energy of AB (or the dimer (AB) 2). Such

ionization can occur In vibrationally nonequilibrium environments, for which

the energy In the vibrational mode greatly exceeds the translational or

rotational mode energies. Ionization can occur in gases where the

translational/rotational modes are in equilibrium at near room temperature

or lower, If the vibrational modes have sufficient energy. Such a situation
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can readily occur in supersonic expansion flows and In molecular gas glow

discharges.

Ionization by this mechanism has been previously studied by Polak

et al. [21 in an N2 glow discharge, and shown to be the dominant mode of

ionization In the environment studied. A major difficulty with such

measurements In a glow discharge, however, is that alternative ionization

channels, such as direct electron Impact ionization or ionization by

electronically excited molecular collisions, are simultaneously present.

This makes isolation of key mechanisms difficult. A somewhat more recent

study by Achasov et al. [3] avoided this difficulty by studying the process

In the supersonic expansion of a high-stagnation-enthalpy gas In a shock

tunnel apparatus. In this work, both N2 and CO were heated to stagnation

temperatures In the 2000 to 4000 K range, and cooled in a rapid supersonic

expansion. In the expansion, a substantial degree of the stagnation energy

was frozen in the vibrational mode, and relatively low translation-rotation

temperatures were achieved. The vibrational mode is vibration-vibration (V-

V) pumped [4]. Substantial amounts of ionization were measured in the

expansion, and attributed to the associative ionization mechanism. Detailed

exploration .. v the role of the vibrational nonequilibrium processes in the

ionization mechanism was made difficult, however, due to the short test

times available In the shock tunnel.

Theoretical studies of Ionization by the vibrationally-induced

mechanism (1) have also been made by Cacciatore et al. for a glow discharge

in N2 [5) and by Capitelli et al. for a nitrogen afterglow [6], using the

master equation simulation [4] and the rate constant recommended in [2].

In the present experiments, the associative ionization mechanism

is studied, again in a discharge-free environment, but one which can be

operated for hours duration. Radiation from a carbon monoxide (CO) Infrared
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gas laser is focused Into a flowing-gas optical absorption cell. The cell

contains a mixture of CO, Ar and He. Laser radiation is resonantly absorbed

by the CO vibrational mode, and vibrational levels approximately up to v~40

become strongly overpopulated. The CO vibrational distribution function

(VDF) is determined by infrared (IR) emission spectroscopic diagnostics. The

translational-rotational modes are in Boltzmann equilibrium at temperatures

in the range 600-800 K. These temperatures are determined from rotationally

resolved IR spectra. Such relatively low temperatures are maintained by the

heat capacity effect of the Ar-He diluent and by the convective cooling

effect of the gas flow. Ionization, induced by the CO vibrational excitation

and presumably occurring by the mechanism (1), is studied by using the

Thomson discharge [7] in the cell, supported by the laser beam. A

preliminary report of ionization studies with this experimental approach was

given recently as part of (8,9].

In the present chapter, the experimental setup is described in

Section 4.2. Section 4.3 discusses the results of the measurements, as well

as their comparison to theoretical predictions. The final Section, 4.4,

gives a summary and conclusions.

4.2. Experimental

The apparatus used in the present experiments is quite similar to

that described in Chapter 3 and in Ref. [8]. Fig. 4.1 gives a schematic of

the experimental equipment used in these studies. Radiation from the CO gas

laser (1) is focused into the flowing-gas absorption cell (6). Extensive

details of the CO pump laser construction and operation are given in [8, 10].

Briefly, the laser is an electrically excited, slow-flow, CO gas laser. The
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active discharge tube Is I meter long and 2.5 cm in diameter. Power is

supplied by a regulated d.c. power supply. The ends of the discharge tube

are sealed by CaF2 windows at Brewster's angle; external 2.5 cm diameter

laser mirrors are used. The walls of the tube are cooled by a liquid-

nitrogen bath. In the present experiments the laser works in the cw regime.

Table 4.1 gives the typical laser gas partial pressures, discharge current,

and output power for the present experiments.

The laser operates with broad bandwidth reflectivity mirrors, and,

typically, the beam consists of approximately 20 vibrational-rotational

lines on the CO 5-micron infrared fundamental band, extending from the v -

3-2 component to v = 12411. Fig. 4.2 gives a typical laser output spectrum.

The laser is optimized to run on low-lying vibrational transitions, which is

essential to start V-V pumping of the cold (T-300K) CO. The usual procedure

for starting the experiment is to operate the laser at relatively low powers

(approximately 3 W), for which there Is considerable v = 342 output on low

rotational lines(-0.6 W). The up-pumping starts by spontaneous fluctuations

of the laser lines to the band v = 2-41 or by intra-cavity chopping [8,10].

After substantial absorption occurs in the CO, the laser power is increased

to 14 W, with about 1 W on the v =342 band, and the system Is allowed to

reach steady state. The amplitude stability of the steady state broadband

power is within t3%.. The laser beam is focused Into the absorption cell by a

30 cm focal length mirror. The reflecting angle Is kept small to reduce

astigmatism. The focusing area is approximately 1 mm2 .

The absorption cell, shown in Fig. 4.3, is a six-arm stainless

steel tubing cross. Tubing inside diameter is 4 cm, and the ends of the

cross arms along the pump beam axis are closed by CaF2 optical windows. The

total length of the cell, window to window, along the laser beam axis is 15

cm. The sidearms perpendicular to the laser beam have been shortened to
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lncrease the aperture for emission spectroscopy.

A mixture of CO, Ar and He Is admitted into the cell through a 6

sm diameter port on the side of one arm; the gas mixture is exhausted

* through a similar port on the opposing cell arm. The cell gases are premixed

before entering the cell.

The gas trapping system ((5) of the schematic of Fig. 4.1) is

based on the findings of Center [11], who developed it to remove strongly

electron-attaching iron pentacarbonyl Fe(CO)s from bottled CO. The Iron and

nickel carbonyls Fe(CO) and NI(CO) 4 . being strong attachers, are also

capable of producing Fe and Ni atoms. The trap consists of a 15 ca long

copper tube, 12 mm In diameter, filled with a 5 R molecular sieve material

(zeolite). The trap is operated at room temperature and can be by-passed.

Gases used were Matheson CP grade CO (99.5% min), prepurified grade Ar

(99.98%) and high purity grade He (99.995%). Some preliminary tests were

made with UHP CO (99.9%) and with trapped gases processed with a liquid-

nitrogen-cooled trap preceding the molecular-sieve-containing trap. No

significant differences were observed in these tests from the results

reported here.

The gas flow and the cell pressure can be varied by means of

flowmeters and by a throttling valve before the pump. The gas flow through

the cell is quite slow - less that 0.03 g/sec in all cases for the

measurements reported here. It is estimated that the local gas flow velocity

does not exceed 10 ca/sec In the region of the current measurement, which

insures that' the gas residence time is long enough to achieve steady-state

CO vibrational distribution. On the other hand, any further throttling of

the gas flow makes convective cooling ineffective, which leads to a

significant temperature increase in the cell. The vibration-translation (V-

T) relaxation rates also increase with temperature, so the vibrational
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nonequilibrium under very slow-flow or non-flowing conditions is not as

strong.

The pressures of CO, Ar and He in the cell can be varied over a

wide range; for the present studies the CO partial pressure was constant

Pcow3 torr, with the Ar-He mixture pressure being PAr_ - 9 7 torr. The He

partial pressure has been changed from zero to 97 torr.

With the gases flowing through the cell under these conditions,

the vibrational mode of the CO in the cell readily absorbs some of the pump

laser energy into the lowest CO vibrational states, vs12.

Higher CO vibrational states , v>12, are populated by collision-

induced vibration-to-vibration energy exchange [4,8]. One result of this V-V

pumping is Immediately seen in the absorption cell: there is a quite Intense

blue light emission visible, centered at the focal point of the laser beam.

For the experiments described here, the glow starts approximately 4 cm

before the focus and extends to the exit window, thus spreading for about 10

cm. The diameter of this luminous region varies with cell and laser

conditions; It is approximately 2-3 m for the present measurements. This

blue emission is due to visible band components of the C Swan system,2

d 3ý- -- a 3lT . The C2 Is generated by chemical reaction of the V-V pumped CO.9 u2

It has been observed and discussed in previous work using this excitation

technique (8,12].

The Infrared radiation from the cell is observed perpendicular to

the laser beam. The IR signal is focused onto the entrance slit of a 0.34 m

scanning IR monochromator ((8) of the schematic of Fig. 1), by a two-mirror

arrangement. It is analyzed by a 4 pm blaze grating and observed with an

InSb detector. All the spectra are stored in and processed by an IBM PC 486

computer.

Under these excitation conditions, ionization occurs in the cell
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Saum, premmably by the mechanism (1). as we shall discuss. For the

Ionization measurements, two parallel plate brass electrodes are placed in

the absorption cell. Fig. 4.3 shows a detail of this arrangement. The plates

s are 2cm x Icm with the long axis parallel to the laser beam. For the

measurements reported here, the plates are separated by 1 cm. The axis of

the pump laser bean is centered in the space between the plates. Insulated

leads connect the plates to the exterior of the cell, as shown in Fig. 4.1.

The plates are connected to a regulated d.c. power supply (2),

which can deliver an output voltage of up to 3000 V. In series with the

supply Is a microammeter (3) which can record the steady state current to

within 10 nanoamperes.

Finally, the transmitted laser power is measured by a power meter

(Fig. 4.1, (9)) positioned in the laser beam after the cell. Comparing the

transmitted power under steady-state pumping conditions and after the CO is

removed from the cell, one obtains the absorbed power. The incident power

can be easily changed by using a beamsplitter, without changing the laser

beam diameter and the laser spectrum. The absorbed power has been varied

from 1.7 to 5 W for typical cell conditions as described above.

4.3. Results and discussion

4.3.1. Infrared measurements

Fig. 4.4 shows three typical infrared emission spectra,

generated by the V-V pumped CO in the cell, when operating under the

conditions described above, at three different helium pressures. The first

overtone, Av=2, emission bands of CO are shown under low resolution, ranging
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from 2.3 to 4.4 ps wavelength. The approximate centers of some of the

radiating vibrational transitions are shown. As can be seen, vibrational

states to v-40 are populated and radiating. The abrupt signal rise at A>4.4

jam is due to overlapping with the fundamental, Av-1, spectrum. The signal at

A<2.3 jim ij generated by the second overtone, Av-3, radiation.

The observed IR radiation signal intensity I(A) is a superposition *

of the first and the second CO overtones (the latter - In the two first

orders of the grating). In this case I(A) can be expressed in terms of

absolute intensities of the overtones II (A) and 1 1 (A), respectively, and
abs abs

the total InSb detector and 4 pm monochromator grating response function

C(A)* (a)M:

I1(A) I (A)O + I 1I (A)] VA)* (A) + I' I(A/2) 0(A/2)* (A/2) (2)
Labs abs I I abs I

Here V(A) Is the detector sensitivity, and * (A) and II(A) are the grating

response functions in the first and in the second order, respectively. The

product of C(A) and * (A) was determined from a black-body source

calibration of the spectrometer.

With known response functions, equation (2) allows comparison of

the experimental CO spectrum and the computer-generated spectrum, based on a

synthetic carbon monoxide VDF. Thus, the vibrational distribution functions

of CO in the optical cell were inferred, as previously been done by Rich and

Bergman (12]. The procedure was first suggested by Horn and Oettinger [13].

Details of the method we followed are described in [8]. CO molecular

spectroscopic constants were taken from Huber and Herzberg [14]; Einstein

coefficients for CO spontaneous radiation were obtained from Chackerian and

Tipping 115]. Fig. 4.5 shows the typical agreement obtained between the A

experimental and the synthetic spectra. Note that the periodic structure of
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these spectrR at 3.8 p <A < 4.4 pa Is second overtone/second order signal,

and it is not attributed to the radiation from the high vibrational levels

v>35. The same remark is also true for the curves 2,3 In Fig. 4.4.

The rotational temperature of the cell gases T was obtained from

comparison of the experimental rotationally resolved CO fundamental spectrum

on low vibrational transitions 140 and 241 with the appropriate synthetic

spectrum (see Fig. 4.6). The relative error in T was estimated to be about

25, both because of the strong self-absorption and because of the non-

uniform temperature profile across the cell. There is no doubt, however,

that the inferred T for all measured regimes is In the range T-600-800 K.

This result Is also confirmed by our earlier rotationally resolved spectra

of the C Swan emission d 3 r--* a 3 7T in the cell (see [8]). It was shown that2 g u

the C rotational mode Is in Boltzmann equilibrium. The inferred C2

rotational temperature for similar cell conditions was In the same range,

T-600-800 K, as that obtained from the present infrared measurements.

Fig. 4.7 presents the CO vibrational distribution functions

inferred from the experimental spectra. One can see that high vibrational

levels of CO, up to level v-30-40, are strongly overpopulated. The rate

constant of V-T relaxation CO-He is much higher than that of CO-Ar or CO-CO,

and thus the total V-T rate increases with the helium concentration (0 :-

nH/n s 0.97). Therefore by adding heli-um to the CO-Ar mixture, we succeeded

in changing the plateau fall-off level v w where the V-T relaxation rate is

equal to the local V-V rate, decreasing the plateau length. Note that the

relative populations at v<v did not significantly change, so we just cut

the "tail" of the VDF, as it has earlier been done in [12]. It should be

pointed out that quite fine control of the plateau length can be obtained by

this means. The distributions shown in Fig. 4.7 represent only some of the

VDF's measured. Measurable, reproducible plateau lengths are obtained for

64



every 3X change In the n,,/n ratio. The rotational temperature of the gas

mixture remains nearly unaffected by the helium concentration change, as was

found from the rotational spectra. Obviously, the effect of the higher

helium thermal conductivity is compensated by the also higher V-T energy

transfer rate.

We note, however, that the shape of the CO VDF differs from that

predicted by theory. Simple estimates show that the lower level populations

should follow the Treanor distribution with some vibrational temperature T
V

since the nonresonant V-V exchange for these levels is much faster than the

laser pumping or the V-T relaxation. But the best Treanor fit for levels

v95, at T-700K, I -3200K ptves a strongly underestimated plateau population
V

at levels v&lO (see the lower dashed curve In Fig. 4.7). On the other hand,

the Treanor distribution corresponding to the inferred plateau, T-700K,

T v-3900K (the upper dashed curve in Fig. 4.7), does not fit to populations

of levels v<1O. A similar effect, but not so strong, was observed by Martin

et al. [16], also in CO optical pumping experiments.

This anomaly can be qualitatively explained by the spatial

nonuniformity of the cell gas. The Infrared signal is collected from the

entire optical path across the cell, while the energy is absorbed only in

the near-axis area. The relaxation rates of the high CO vibrational levels

are much faster than those of the low levels. This means that the molecules

which contribute to the longer wavelength part of the IR spectrum (which

corresponds to the plateau region of the VDF), are concentrated near the

optical axis. At the same time, the shorter wavelength part of the spectrum

(the Treanor region of the VDF) Is a superposition of the signals both from

the central and from the peripheral areas of the cell. Obviously, this

decreases the effective vibrational temperature of the Inferred Treanor-like

population. The major contribution to these two parts of the distribution
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function comes from different cell regions. This spatial nonuniformity

brings substantial error in determination of the absolute populations of the

high CO vibrational levels, because the VDF should be normalized by unity.

The effect can be reduced only by decreasing the cell diameter. In the

experiments of (16] the effect was minimized by removing partially-relaxed

CO from the cell by Ar flow, which decreased ther optical path to several mm.

4.3.2. Ionization measurements

In these optical pumping experiments we have measured the electric

current induced between two plane electrodes placed in the cell. It should

be mentioned that the voltage applied to the electrodes was usually

considerably lower than the breakdown voltage Ub; the voltage-current

characteristics were measured for USU at different helium partial pressuresb

(see Fig. 4.8). The typical value of the measured current was several

microamperes. Obviously, a non-self-sustained electric discharge, supported

by the laser beam, is ignited in the cell. The theory of this type of

discharge was developed by Thomson as early as In 1928 [7]. It assumes that

ionization by electron Impact is negligible, because of the low energy of

electrons. Then, the production of -harge in the interelectrode region can

be described by the ionization rate qi' which is independent of the electron

density.

The Thomson theory gives simnle analytical relations for the

current-voltage (I-U) characteristic of the discharge I(U), the saturation

voltage and current U and I , the electric field and the charge species

distributions (see Appendix). The I-U characteristics are different for two

specific cases of distributed ionization (q =const In the entire discharge
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area) and concentrated ionization, when the external Ionization layer width

d is much smaller than the interelectrode distance L. In the first case the

induced current is proportional to the square root of the applied voltage:

I-I4+Co 0 e3q3 1/4' sU1/2 (3)

where 1+ is the Ion mobility, and S is the electrode surface area. For the

concentrated source, placed on the symmetry axis of the discharge, the

current is proportional to the square of the voltage:

9 9 ÷0 s U2  

(4)
L

3

where L is the Interelectrode distance. Note that in the case of the

concentrated ionization source, which we are especially Interested in, the

I-U characteristic (4) is independent of the Ionization rate q C Also, if

the ionization source is shifted from the symmetry axis by a distance U.L,

(W>0 toward the positive electrode), the equation (4) becomes

1= 9 A+c0 S U2 W)

(L+2a)

which means that the alignment symmetry (and therefore the applicability of

equation (4)) can be controlled by switching the voltage polarity.

It can be seen from Fig. 4.8 that the shape of the experimental I-

U characteristics reasonably corresponds to the theoretical curve I-U2 for

the Thomson discharge supported by a concentrated ionization source (see

equation 4). This supports the conclusion that the ionization of the cell

gases occurs in the central area of the cell surrounding the laser beam.

Furthermore, it is possible to show that if the ionization rate is not equal

to zero in the vicinity of the electrodes, then
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-6ow-,

lim dI/dU - a , (5)

as Is the case, for example, for the distributed ionization source (see

equation (3)). Therefore, since the observed U-I characteristic does not

reveal a noticeable sharp current increase at low voltages, one can conclude

that surface ionization is negligible in the present experiments.

Further evidence supporting a gas-phase ionization process was

obtained in the experiment by using a quartz tube. The laser beam was

surrounded by the tube which allowed the UV radiation from the CO excited

electronic states to pass, while the near-axis region was completely

isolated from the electrodes. No current was measured in this case, which

shows that the photoelectric effect on the electrodes is also negligible

(8]. Also, no current can be measured in an Ar-He mixture or when the pump

laser is turned off.

It also can be seen that at some voltage U the slope of the

current curve substantially decreases, although the current nevertheless

continues to grow linearly. This part of the I-U characteristic is

associated with saturation. The fact that the current is not completely

saturated is explained by the finite size of the electrodes.

If we assume that the ionization in the plasma is catalyzed by the

laser radiation, and the ionizition rate qI follows the laser beam power

distribution (Gaussian profile), than we can write:

q1 (x) fq 1 (O) exp x- ] , (6)

where d is the characteristic profile width (d c L). For this distribution

of qI the saturation current and voltage are given by the following

relationships:
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1/2

I =eq(O)d - S , (7)
2

, eq1 (°)d .11/ 31/=-- L3 1 2 ()

JA 4 IL j 3.21i/2

As can be seen, these equations do not contain rate constants of any

collisional process in the plasma, except the external ionization rate.

Therefore, the product qI(O)d can be unambiguously inferred from the

experimental values of I and U .
S S

For the present situation of CO optical pumping by resonance

absorption of CO-laser radiation, when one can neglect multiphoton

ionization (the estimated energy fluence is far too weak), the ionization

occurs in collisions of two heavy particles, and we can write:

2 (9)Se 1 nCo

where nco Is the CO molecules concentration, and K, is the reduced

ionization rate. To express c1 in terms of the ionization rate constant kI

and relative concentrations of colliding molecules, one has to make an

additional assumption on the process mechanism.

It is clear from Fig. 4.8, that the experimental I-U

characteristics for different He concentrations at U<U are very close,

while the saturation voltages and currents are substantially different. This

Is also in good agreement with the theoretical prediction that for the

concentrated ionization source the I-U characteristic Is independent of the

ionization rate qI (see equation (4)). Obviously, q C determined by

relations (7,8), varies for different regimes in Fig. 4.8.

Recent time-resolved measurements, where the Q-switched CO laser

was used to pump CO in the cell, have shown that the measured current pulse
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occurs with some delay after the laser pulse. On the other hand, the current

pulse is synchronized with the CO vu22-*2O IR pulse, emitted from the cell

[8). Finally, the present experiments in the CO-Ar-He mixture with different

helium concentration confirm that a definite correlation exists between

vibrational excitation and ionization. An analysis of Fig. 4.7 and 4.8 shows

that the lower the population of high CO vibrational levels, the lower is

the saturation current. These measurements were carried out at constant

laser power, total pressure, and CO concentration.

The sum of these arguments leads to the following conclusions: i)

the observed ionization, stimulated by the CO laser, occurs in the gas

phase, in the narrow near-axis area of the cell, occupied by the laser beam;

and 1i) It is Induced by highly vibrationally excited CO molecules, which

are also concentrated near optical axis.

Generally, ionization is allowed when the total energy of

reactants is high enough to overcome the ionization potential of one of

them. The previous discussion leaves us with two possible mechanisms of

Ionization:

CO (v) + 1 . -- CO + I+ + e E Ea E (1) (10)
V I

CO(v) + CO(w) -- ... --+ CO + CO + e , E + E > E 1 (CO) (Ii)I' V

where I is some easily Ionizable impurity, E is the energy of the vth CO

vibrational level, E (I) and E (CO) are the ionization potentials of the I

and CO molecules, respectively. Ellipses in the reaction equations (10),

(11) mean that the detailed mechanism of the ionization is still uncertain.

For example, it is not clear how metastable CO(a 3x) molecules, which can be

also created in the collision of vibrationally excited CO(XIZ,v) molecules
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(see Farrenq et al., (17]), affect the ionization. The metastables could be

an intermediate stage of the process.

The present phenomenological approach cannot resolve questions

about the importance of intermediates in the vibrationally-induced

Ionization of CO. However, it is possible to make a choice between the

first-order mechanism (10) and the second-order reaction (11). The reduced

ionization rate K (see equation (9)) In these two cases can be written as

follows:

K, W (klf 1 ) I fv Ev E (I) (12)

K, = k ff , E + E > E(CO) (13)
vv W v I

where kI is the ionization rate constant, f Is the impurity fraction in the

mixture (f nI n/n..), and fv Is the relative population of the CO vth

vibrational level.

Since the saturation voltage and current of the Thomson discharge

are functions of the reduced ionization rate K (see equations (7-9)), andII
the CO VDF in equations (12-13) is known from the infrared measurements, it

is possible to determine the ionization rate constant k (or the product

kIfI for the first-order mechanism) from the experimental values of the

saturation current I

Fig. 4.9 gives the dependence of the saturation current,

determined in the junction point of the parabolic and the linear parts of

the I-U characteristics in Fig. 4.8, as well as the dependencies of the

first order and the second order sums in equations (12) and (13):
a

Sim E f ; Sz 2E fvff , (14)
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on the helium concentration. The first order sun S was calculated for

several different threshold energies E (I), which would correspond to!

different ionization potentials of impurities. One can see that the second-

order sum S2 reasonably corresponds to the current curve. On the other hand,

it is clear, that the first order sum is also In reasonable agreement with

the current curve If the impurity ionization potential is about 7 eV (v&35),

which is characteristic for some metal atoms (Fe - 7.90 eV, Ni - 7.64 eV, Cu

- 7.73 eV). These metals can be present in the cell because the cell gases

are stored In steel cylinders, and copper tubes are also used in the

experimental setup. Besides that, such impurities as chemical reactions

products CO2 , C 20, C2 , C302 and their polymers are always present In the

vibrationally excited CO because of chemical reactions (see Rich, Bergman

[12]). On the other hand, we can definitely exclude impurities whose

ionization potentials are lower or much higher than -7 eV.

If we assume that ionization does occur in collisions of two

vibrationally excited CO molecules, then the ionization rate constant

inferred from the infrared spectra and the saturation current measurements

Is k =(6±2).o-10cm3 /s. Otherwise, if the first-order mechanism is assumed,

one gets the product kfI f 10-17 cm3/s, which In the gas-kinetic limit for

the ionization rate constant (k < 10-10 cm3/s) gives f = nI/n.o> 10', or

20 -3for the present cell conditions, N > 10° cm . It Is disappointing that theI

possible influence of Ionizable impurities cannot be eliminated on the basis

of the preceding estimates on the lower bound of their concentrations.

However, the trapping system described previously Is specific for

eliminating Fe(CO) and also has been observed to remove Ni(CO)4 from

similar cell experiments (with the trap atomic Ni lines disappeared from the

cell radiation spectrum) [18]. Such metal carbonyls are definitely present

when the gases are untrapped, and form a ready source of Fe and Ni atoms
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when in the presence of vibrationally pumped CO. Their concentration Is

significantly reduced when the trap is used. We observed that when the trap

Is in use, both the populations in the v>20 plateau and the electric current

are slightly increased.

This result is inconsistent with such species being the source of

impurity ionization. The observed increase in the v>20 concentrations when

the trap is used is an expected consequence of the reduced V-T rates, as the

fast-relaxing metal atoms are eliminated. The increase in current is

consistent with the slightly higher plateau populations, if ionization

occurs in collisions of two vibrationally excited CO molecules. On the other

hand, the current would decrease significantly when the trap was used if

impurity metal ionization were a major source of electrons. We conclude that

the ionization Is indeed due to the mechanism of equation (1).

The electron concentration and the ionization fraction in the

field-free case cin be estimated on the assumption that the dominant channel

of electron loss is CO dissociative recombination (~O-107 cm3 /s, (11]). This

gives the electron concentration to be n~ 1010 cm3 , with an ionization

fraction about y,= n /n - 10".

Equations (7, 8) allow determination only of the product qI(O)d.

We therefore require an independent determination of the characteristic

width, d. Since the ionization is localized in the region of substantial

concentration of highly excited CO molecules CO(vr25), d can be found from

the experimentally determined width of the visible blue glow (C Swan band
2

radiation observed in the cell). The C2 molecules are produced in chemical

reactions which are started by a vibrationally stimulated reaction:

CO(v) + CO(w) - CO2 + C (15)

with an activation energy corresponding to CO vibrational level v-25. One
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can neglect diffusion of the excited C2 at the present cell pressures (~100

torr), and thus the glow diameter approximately corresponds to the

ionization region width d. This parameter can be easily estimated visually

4 within an accuracy of --SO%, and it is usually 2-3 -m for the present

conditions. Taking into account the uncertai- 4 y in the rotational

temperature of -25X. we get an accuracy In .I of a factor of 2.

The accuracy of the Inferred ionization rate constant kI depends

on the accuracy of determination of the VDF. Due to the spatial

nonhomogeneity effect, discussed above, the uncertainty in the inference of

populations of zero and the first vibrational levels can reach a factor of

2. The combination of uncertainties in the K and VDF determinations gives1

the overall range for the Inferred rate constant k 1-(8±5).lO-15 cm3/s. This

uncertainty can be substantially diminished by changing the cell design,

thus reducing the nonuniformity of the flow across the cell, and this work

is being done. This result for kI corresponds to within an order of

magnitude to that obtained by Polak et al 12] for associative ionization of

nitrogen:

k -1.9-10-iS exp(-l160/T) ca3/s
2

4.3.3. Vibration-to-electron coupling measurements

To better understand how the electrons can affect the CO VDF, we

also carried out a series of experiments where the relative populations of

different vibrational levels of carbon monoxide were measured twice - with

and without the electric field. Here we used an interesting property of the

Thomson discharge, that Is a strong difference of the electron and ion

concentrations, due to their different mobilities (see Fig. 4.10 and
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Appendix). One can easily show (see Appendix, equations (AW-A4)) that in the

saturation regime:

1/2n
(1 (16)

In other words, the electron concentration n in the saturation regime is
0

much lower that the concentration of ions, n. Since In the absence of the

electric field n-n (see Fig. 4.10), n can obviously be reduced by orders of

magnitude Just by Increasing the applied voltage, without changing the

energy loading in the plasma by the external source. Moreover, in the

saturation regime the remaining electrons do not contribute to the energy

loading, because the estimated electric field power P - U I - 1 mW, which Is

much lower than the absorbed laser power P > 1 W. For this reason, the

removal of the electrons is the only direct result of the applied voltage.

The Influence of ions can be neglected because the electron-to-vibration (e-

V) energy transfer cross-sections In CO are of the order of the atomic

cross-section [19] and therefore the appropriate rate constants can

considerably exceed the gas-kinetic limit.

Fig. 4.11 represents the results of these measurements. It is

clear that the electron removal (field ON In Fig. 4.11) increases the

populations of high vibrational levels, vXl5. The effect is not very

dramatic, about 10 variation at the beginning of the plateau region,

increasing with the vibrational quantum number to attain 70% variation at

v-30. On the contrary, the populations of the levels below vI1O decrease

when the electrons are eliminated from the discharge area. Here again the

effect does not exceed 10% variation. The qualitative change in the VDF is

shown In Fig. 4.12, where the effect is strongly exaggerated for

Illustrative purposes.
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The following approximate analysis can Interpret qualitatively the

observed dependence of the CO VDF on the electron concentration. The

interaction of the O molecules with electrons can be expressed by the

reaction:

k
9

CO(v) + e M 0(v+Av) + e, (17)
k

where the forward process is the vibrational excitation by electron impact,

and the reverse one is the effect of superelastic collision. Let us

approximately assume that the electron energy distribution function (EEDF)

Is Maxwellian, so that we can write:

kukexl AE V+.V~ (18)

where 6E = E - E is the difference in energies of vibrationalSv.Av,v vAv

levels v+Av and v, and T is electron temperature. The CO VDF can be

represented as follows:

f- exp(-E /Tvb) (19)
V v ib

where TV is the "local" vibrational temperature. This temperature
Vib

obviously increases with vibrational quantum number, because the measured

VDF at the high v's has much higher values than the corresponding Boltzmann

distribution at TI

Now, one can easily show that the detailed balance for the process

(17) is attained at T = Tv. If the electron temperature exceeds the local
0 Vib

vibrational temperature, the vibrational excitation by electron impact is a

dominant process. On the contrary, for the high vibrational temperatures the

superelastic collisions prevail. Since Tv strongly increases with v, this
Vib
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means that the low CO levels are populated by electron collisions, while for

the very high v's the effect is quite opposite (see Fig. 4.12). In other

words, the Influence of this vibrational-electron interaction is as it was

observed in our experiments, where T1  - 3-4 kK.
vib

This analysis gives a simple estimate of the electron temperature

from the measured VDF, from which the value T - 6 kK is obtained (see
6 V

straight line in Fig. 4.12). Since the perturbation of the VDF Is the

strongest in the absence of the field, this means that the electrons acquire

energy from the high vibrational levels (otherwise they would be quickly

thermalized) and return it to the lower levels (V - e - V-AV process).

The effect of the acceleration of the remaining electrons, when

the field is on, on the VDF should be considered as completely negligible.

The typical value of the reduced electric field between the electrodes is

E/N < 40 Td, which implies the electron temperature to be T - 1 eV [20].

This means that the concentration of the high-energy electrons (c a 5 eV),

which are able to excite high vibrational levels v-20, is still low, n ~
0

10"n . Taking into account the fact that n drops by approximately 3 orders
S 0

* -3

of magnitude, when the field Is on (see Fig. 4.10), one has n 10 s cm
0

for typical experimental conditions, when nco- 1017 cm3 . Now one can see

that the excitation of the high CO levels by the high-energy electrons is

Insignificant compared to the resonant V-V exchange:

2 2
k n n k C n c:fv (20)eve•CO vv v

Here k e - 10- cm3 /s [20] - rate constant of vibrational excitation by

electron impact, k - 10° cm3 /s (211 - rate constant of the resonant V-V

exchange at v - 20, and f ~ 10-3 - relative population of level v - 20 in
V

our experiments. Electron impact ionization of highly vibrationally excited

CO molecules can be neglected for the same reason.
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Nore detailed Interpretation of the effect can be obtained by a

self-consistent solution of the master equation for the CO VDF and the

Boltzmann equation for the EEDF. Some results in this direction are already

S4 obtained (see, for example, work of Capitelli et al. [20]), but a complete

kinetic model for this problem still requires the cross-sections of the

process (17) for the high v's.

Finally, we want to emphasize that the using of the Thomson

discharge in an optical pumping experiment allows direct observation of the

e-V energy transfer effects, arbitrarily changing the electron

concentration, which is definitely impossible in self-sustained electric

discharge systems.

4.4 Sumary

Ionization occuring in collisions of two excited CO molecules is

investigated in steady-state conditions of optical pumping. This mechanism

appears to be the same "associative ionization" process studied in

vibrationally excited N by Polak, Sergeev and Slovetskii (2], and in N and

In CO by Achasov et al [3]. The present experiments allow the study of this

process by using a non-self-sustained discharge (Thomson discharge),

supported by a CO laser beam. The ionization rate constant k is inferred

from CO VDF measurements and the experimental saturation current of t!V

discharge. A specific ionization rate constant of k =(8±5)*10-1s cm3/s is

measured, which reasonably corresponds to the result of [2], obtained for

nitrogen.

The influence of low-energy electrons on the CO vibrational

distribution function is also investigated, by varying the discharge
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voltage, which allows elimination of the electrons from the discharge area.

The effect of energy transfer from higher to lower vibrational levels of CO

via collisions with electrons (V -* e - V-AV process) is cbserved for the

first time.

The experimental technique used in the present work permits

further studies of ionization and e-V processes in strongly excited,

translationally cold gases, and such measurements are being pursued.

The detailed interpretation of the observed effects requires

further theoretical study of elementary processes of interaction of highly

vibrationally excited molecules and electrons.

Appendix: The Thomson Discharge [15

For Gaussian distribution of the external Ionization source power,

(6), the distributions of the ionic and the electronic currents are:

eq! (0) d x"2'[
J e(x) 4 - (L/d) + 0(2x/d)

-L/2s x s L/2 (Al)

j(x) W eq (O)d (1/2 L/d) - 4(2x/d)
4

where:

7
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X

0W 2 1e_2 (AZW)*(x) e'-d- , AI
I /

0

The electric field distribution is:

41x<

1/2 1x 1/2

+ (A3) '
--:]x [ - L/d) + 0(2x/d) + - e W)

A eCO0 2 4

Finally, the ion and the electron distributions (excluding the near-

electrode regions) are

n (x) = W n(x) = x (A4)+ eiE(x) a ep gE(x)

The characteristic width of these near-electrode layers where the charge

diffusion is significant, in the saturation regime is

Ax D T (eV)So•= •10-2 10- (A5)

L paEL U

or Ax is much smaller than L.
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Figure captions

Figure 4..i. Schematic of the experimental setup: 1, infrared CO

laser; 2. d.c. power supply; 3, microammeter; 4. gas

supply and gas mixing manifold; 5, impurity trap; 6,

optical cell; 7, exhaust pump; 8, infrared spectro-

meter; 9, laser power meter

Figure 4.2. Typical CO laser spectrum

Figure 4.3. Optical cell with probe

Figure 4.4. CO first overtone emission spectra

at different He pressures

Figure 4.5. Comparison of experimental and synthetic

CO vibrational spectra

Figure 4.6. Comparison of experimental and synthetic

CO rotational spectra

Figure 4.7. Inferred CO vibrational distribution functions

at different He pressures

Figure 4.8. Experimental and theoretical voltage-current

characteristics of the Thomson discharge

Figure 4.9. Saturation current and number of "active CO
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molecules" dependencies on the He pressure

Figure 4. 10. Charged species distributions in the Thomson dis-

charge in the absence of the field and In the satu-

ration regime. P-100 torr, CO:Ar-3:97, d/L-0.25;

q 1 (0) - 10-21 cm 3 /s (see Eqs. 6, A2-A4). L - inter-

electrode distance.

Figure 4.11. Electric field Influence on different CO

vibrational level populations

Figure 4.12. Qualitative demonstration of the V 4 e 4 V-AV

effect (strongly exaggerated). c - electron

energy, T electron temperature
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Table 4.1. Typical laser conditions

Species Partial pressure (torr)

He 6.00

N 0.50
2

CO 0.03

Discharge current 30 mA

Laser power 14.0 W

4,
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5. CARBON MONOXIDE STUDIES III:

UV Radiation After Preparation of CO (a v=2) State

*This chapter adapted from L.L. Cortney, NUltraviolet Emission from Carbon

Monoxide Excitation by an ArF Excimer Laser", M.S. Thesis, Ohio State Univ.,

Summer, 1993

98



5.1 Introduction

In these experiments, an ArF excimer laser (193 nm) was used to

irradiate a CO / Ar mixture flowing through an optical cell. The resulting UV and

visible fluorescence was collected and time dependent measurements taken.

The object of this work was to complete the first phase of a larger study

whose purpose is to investigate how vibrational energy in the CO electronic

ground state (X1Y+) is transferred with the low lying vibrational states, v, of

excited electronic states (a3H') and (Al1H), during V-V (vibration - vibration)

pumping of the CO(X1.+).

In order to study this in a controlled manner, the overall plan is to observe

the reverse process by preparing a significant population of CO (a3H'). Infrared

and UV / visible diagnostics are to be used to observe the radiation resulting

from any and all collisionally induced exchange or radiative processes. From

these results, details of the original energy transfer processes under

consideration are to be deduced.

The object of this phase of the study is to establish the experimental

setup and obtain time dependent results of the UV/ visible emission from the CO

mixture following irradiation by the laser pulse. This was done by using a

commercial ArF excimer pump laser to irradiate an optical cell containing a

gaseous mixture of CO and Ar as an inert diluent. The 193 nm wavelength

output by the excimer laser is in near resonance with the v=2 vibrational level of

CO(a 3Hl) and therefore populates that energy level of CO (Figure 5.8). Once the

CO(a 3H', v=2) level is adequately populated, UV diagnostic equipment was

used to observe the expected transfer of energy back into the ground electronic

state. A gated integrator and boxcar averager was used to obtain the time
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dependent traces of emission. From these results and other observations,

some details of a few of the processes resulting from the a3H1 preparation have

been concluded.

Electronic to vibrational energy transfer, one of the several modes of

vibrational energy transfer that control the energy distributions in

nonequilibrium gases, is the main focus of the study reported in this chapter.

Slanger and Black (1975) [1] studied the efficiency of E-V transfer in three

systems, one of which (CO(a 3H')v=o + CO) is of direct importance to the present

study. The babis of their technique relies on the phenomenon that in systems

having sufficiently low total energy, all vibrational energy, no matter from which

electronic level, eventually funnels into the ground v=1 state. Therefore, after

preparing the CO(a 3H') using an iodine lamp, the radiation from the CO(XI1_+)

v=1 state with respect to time was observed. By comparing delay times with that

of a control reaction, a determination of the efficiency of the collisionally induced

energy transfer back into the ground state was made.

A simple model of E-V energy exchange during an atom - molecule

collision has been developed (Schmalz, 1981 [2]) and although it does not

include molecule - molecule collisions, it has the advantage of having exact

solutions. Schmalz solves the model for two cases, one including the electronic

level coupling due to curve crossing effects, the other representing parallel

electronic potentials with no direct coupling. The model begins with the

Schr6dinger equation and uses a simple harmonic oscillator model for the

diatom. From the solutions, transition probabilities are obtained and compared

for the two models. As would be expected, the curve crossing model gives

higher transition probabilities.
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lonikh and coworkers, 1986 [3], determined the rate constant for the E-V

process of CO colliding with CO(a 3H) which is the process studied in this thesis.

The a3J'1 state was prepared in a glow discharge and the rate of quenching of

that state by collisions with other CO molecules was determined:

CO(a3n) + CO --> CO + CO

This was done by measuring the CO overtone distribution and comparing it with

a calculated one which did not include the effects of the preceding reaction.

Some previous work on the preparation of the a3H' state of CO includes

Bokor et al. (1980) [4] who used an ArF laser at 193 nm to multiphoton

dissociate CO. They reported reaction yielding excited carbon atoms, detected

by absorbing a third photon and then emitting at 247.8 nm wavelength, and

reported observing C2 Swann band emission. Several years later (1988),

Meijer and coworkers [5] showed that the C atom transition suggested by Bokor

et al is actually an envelope of rotational lines in the CO(a3H) v,=2 >

CO(X1,.+) v"--o transition.

Peterson and Woods (1990) [6] calculated the potential energy and

dipole moment functions for the first two excited electronic states of CO,

including the a3O. Markov et al. (1992) [7] determined the excitation function of

the CO(a 3 H' ) by electron impact, and recently, Drabbles, Stofte and Meijer [8]

excited CO to the v"=O, a31l state using 206 nm pulsed laser radiation and

produced an oriented pulsed beam of the metastable.

The Section 5.2 presents a description of the experimental setup and
a,

sections 5.3 and 5.4 discuss results and conclusions.
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5.2 Experimental Set-up

5.2.1 Gas Handling System

A stainless steel, 6 - arm, Varian cross (Figure 5.1) optical cell was used.

The gases flowed through the cell in the direction of the incoming laser beam.

This direction was chosen such that the excited gases would flow away from the

critical lithium fluoride (LiF) window at the laser beam entrance to the cell. This

was done to help reduce the amount of carbon deposit built up on the LiF

window surface. The laser then exited the cell through a CaF2 window (Figure

5.1). The emission was collected through a MgF2 lens on an axis perpendicular

to that of the laser beam. Opposite this lens, a CaF2 window allowed for visual

inspection of the emission (Figure 5.1), for example, to check for a visible glow.

Flowing through the cell was a gas mixture consisting of carbon

monoxide in an argon bath. Argon was chosen, over helium, as the inert diluent
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Figure 5.1 Optics arrangement on optical cell, top view
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because helium is a much stronger V-T relaxer, thus it removes energy from the

vibrational mode, which is undesirable for the present purposes.

The gas handling system consists of 1/4 inch PVC tubing and various

valves and flow metering devices as shown in Figure 5.2. The rotameter used

for the CO was a Porter model B-250-2 tube with a spherical glass float. Argon

flowed through a Brooks Instrument Division type 1110-06-Fl 1D1-A rotameter

with a size R-6-15-B tube with what appears to be a stainless steel spherical

float. These rotameters were chosen for their availability.

The gases were pumped through the cell and exhausted to the

atmosphere outside the lab by a Cenco Hyvac 14 vacuum pump (Figure 5.2). A

valve to the atmosphere allowed for bleeding air into the inlet of the pump after

shutting it off to prevent sucking pump oil back into the gas handling lines. An

additional shut off valve (Nupro plug valve) was installed, near the pump shut

off valve (Figure 5.2), to allow for throttling of the gas flow if desired.

A pressure tap on the vertical arm of the optical cell allowed for

continuous monitoring of cell pressure by two Wallace & Tieman analog

pressure gages (Figure 5.2). One allowed for reading pressures form 0 to 20

torr with better resolution then the other which read pressure up to 800 torr. A

valve to atmosphere here (Figure 5.2) allowed for bleeding air into the cell

when it was desired to bring it up to atmospheric pressure, such as when

removing the windows for cleaning.

5.2.2 Steady State Spectral Measurement Set-Up

During calibration of the UV spectrometer or during determination of the

spectral line width function for a given slit setting, scans of steady state spectra
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Figure 5.2 Gas Handling System for the Optical Cell
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from a mercury - argon (HgAr) lamp were taken. The setup for these scans is

shown in Figure 5.3 with equipment as listed in Table 5.1.

The LiF window (Figure 5.1) was removed from the cell and the HgAr

lamp inserted to simulate emission along the same path as the laser beam.

Lamp emission was focused as best as possible, given the fixed positions of the

cell and spectrometer, with available lenses. A MgF2 lens with a 100 mm focal

length was mounted on the cell and one with a 200 mm focal length was

mounted between the cell and the Spex Model 1870 spectrometer (Figure 5.3).

A Stanford Research Systems (SRS) Model SR540 optical chopper placed just

before the entrance slit of the spectrometer, chopped the incoming emission

signal and sent a reference frequency to the SRS Model SR510 Lockin

AmpLer.

The 1/2 meter spectrometer is equipped with a Bausch & Lomb diffraction

grating blazed at 2500 A, with 1200 grooves / mm. The grating is scanned with

a Spex Model 1872 Minidrive. A Thom EMI Model 9635-QB bialkali

photomultiplier tube (PMT) powered by a Thom EMI Model 3000R high voltage

power supply, detected the signal from the spectrometer. PMT output voltage

was amplified by a Thom EMI Model Al preamplifier, and powered by a

Lambda Model LZD-32 low voltage power supply. The typical spectral

response of the PMT is given in Figure 5.4 a along with the grating efficiency

(Figure 5.4 b).

The preamplified signal was then sent into the lockin amplifier which

amplified only that component of the signal that entered at the reference

frequency sent by the chopper. Amplified signal from the lockin was then

recorded by a Kipp & Zonen Model BD41 chart recorder. In order to record the
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TABLE 5.1 . Experimental Set-Up Equipment List.
9

EQUIPMENT MANUFACTURER MODEL

Excimer Laser (ArF) Questek 2640

Chart Recorder Kipp & Zonen BD41

Gated Integrator and Stanford Research Systems SR250
Boxcar Averaper
Lock-in Amplifier Stanford Research Systems SR510

Optical Chopper Stanford Research Systems SR540

Digitizing Oscilloscope Hewlett Packard 54501 A 100 MHz

Spectrometer Spex Industries 1870

Spectrometer Controller, Spex Industries 1872
Minidrive
Photomultiplier Tube Thom EMI 9635-QB bialkali

HV Power Supply for Thom EMI 3000R
PMT
Pre Amplifier Thom EMI Al

LV Power Supply for Pre Lambda LZD-32
Amp.
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corresponding wavelengths, an event marker, linked to the scanning drive,

provides a wavelength scale (see Appendix ). . ,

5.2.3 Time Integrated (Quasi- Steady State) Measurement Setup

To provide a quick, overall picture of the emission from the CO mixture

over a range of approximately 1700 A to 5200 A, a "quasi steady state" setup

was used (Figure 5.5). The Pulse Energy BNC output from the excimer laser

provided the necessary reference frequency for the lockin to amplify the signal

from the Thorn EMI preamp. A scan through a given range then provided a time

integrated picture of the emission spectra, realizing that only the strongest

and/or longest lived signals would be observable.

5.2.4 Time Dependent Measurement Set Up

In order to study the emission generated by the pulsed laser excitation, a

time dependent measurement system was set up (Figure 5.6). A modificaticn of

this setup (Figure 5.3) has beer, presented in Section 5.2.2 as the steady state

spectra set-up.

A Questek Model 2640 Excimer Laser in ArF mode, emitting pulsed laser

radiation at 193 nm in bursts of 10 ns duration, was used to excite CO

molecules from the X1I.+, v=0 to the a3O, v=2 state. The laser beam was

apertureo to approximately 5/8 inch diameter and then it entered the optical cell

through a 1 " diameter LiF window (Figure 5.1). Upon exiting the cell, the

unabsorbed portion of the beam was stopped using a fire brick. Here, a pulsed

head for a Coherent Labmaster power meter could be inserted periodically to

check transmitted laser power.
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Upon irradiation from the incident laser beam, CO in the cell was excited

to the a311, v=2 state (Figure 5.8). Figure 5.7 illustrates the rotational level

transitions in CO that absorb the incident laser pulse. The vertical axis is merely

b the absorption coefficient given in arbitrary units. The computer code calculates

the absorption based on conditions such as CO partial pressure in the cell,

temperature, laser power and the absorption volume. This allows for inclusion

of pressure and temperature broadening effects.

Subsequent UV / visible emission from the prepared state was collected

by being focused onto the inlet slits of the spectrometer (Figure 5.6) just as the

lamp emission was collected (Figure 5.3). However, in this case, after

preamplification, the signal entered an SRS Model SR250 Gated Integrator and

Boxcar Averager (Figure 5.6). The boxcar was triggered off of the Pulse Energy

BNC on the excimer laser's I / 0 panel. This output BNC provided a voltage

proportional to the pulse energy of the laser, therefore triggering the boxcar at

every laser pulse.

The boxcar functions as shown in Figure 5.9. Following the trigger, the

boxcar waits for the set delay time to pass and then starts the gate. Any signal

entering the boxcar during the set gate width is averaged over the number of

samples, also set by the user. The averaged output can then be viewed and

recorded by connecting it to one of the meters on the display module of the

boxcar (Figure 5.10).

A Hewlett Packard Model 54501 A Digitizing Oscilloscope was used to

view the signal by setting the scope and boxcar up as shown in Figure 5.10.

The scope was triggered off of the gate output of the boxcar and the signal

coming into the boxcar was viewed on channel 1 of the scope. This method
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allowed for visualizing the exact portion of the signal being averaged by the

boxcar since the gate width was shown as a rectangular pulse on the scope's

channel 4.

I
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VOLTAGE delay

duration
amplitude

threshold - -M

trigger gate
pulse width

Trigge amplitude - at least 0.5 volt . prefer <5 volts
threshold - 0.5 volt to 2.0 volts
duration - 2:5 ns
rise time - < 10 tLs
trigger rate - maximum 20 kHz

.enaY. 1 ns to 10 ms (plus 25 ns trigger discriminator)

Gateidt 2 ns to 15 Ijs

Figure 5.9 Boxcar specifications with respect to time
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5.3 Experimental Results

This section discusses the experimental results obtained with the set-ups

described in Section 5.2. Experimental conditions, and observations are

presented with discussions of the possible energy transfer processes involved.

5.3.1 Spectrometer Calibration and Determination of Scanning Function

Wavelengths were calibrated in the range 2500 to 5800 A by scanning

the emission of a HgAr lamp using the steady state setup described in Section

5.3.2. Reported wavelengths are accurate to ±2 A.

The line width scanning function of the spectrometer for a given slit

opening was similarly determined. By scanning a known lamp line and

measuring its full width at half of its maximum intensity (FWHM), an indication of

the possible wavelength resolution was obtained for a given slit width. This was

done for four slit sizes and the results are given in Table 5.2.

Table 5.2. Scanning Functions of the SPEX 1870 Spectrometer with 2500 A

Blaze Grating (1200 grooves/mm)

Slit Opening FWHM (A)

400 gi 7

600 1 15-20

1 mm 30-60

.2 mm 150
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5.3.2 Results for Delay Setting of 1 usec

In order to establish which wavelengths were being er. iated by the gas

mixture in the cell, the time dependent set-up (Section 5.2.4, Figure 5.6) was

used with the boxcar set at 1 1isec delay. This delay was chosen after

determining that the peak intensity of the signal at 2799.7 A (with 2 mm slits)

occurs at 1 1isec. This wavelength had initially been consicered due to being

known as a strong CO 4th Positive band [19] and was found to be one of the

strongest signals observed in these experiments.

With the boxcar set at 1 gsec, a datum for a given wavelength was

recorded by taking a time averaged reading of the signal emitted from the cell

with and without the CO / Ar gas mixture flowing through the cell. By subtracting

the baseline signal (the one taken with no gases in the cell), an emission signal

intensity was determined. This was done for several wavelengths and the

results are given in Figure 5.11.

1
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The amount of time required to take each reading was determined by

dividing the number of samples being averaged by the boxcar by the repetition

rate of the laser (boxcar trigger rate) . This number indicates the time constant

of the exponential moving average being given by the boxcar. Since the signal

reading from the boxcar approaches 99% of its value in 5 time constants, it is

desired to wait at least this long before recording a data point. In this case, the

typical running conditions of 10 Hz laser repetition rate and 1000 samples

mandate that 9 or 10 minutes be required to take a data point.

In addition to the 1 psec delay time, 1000 samples and 10 Hz laser

repetition rate, the typical conditions used while taking these readings were:

600 gi slits, 700 V PMT voltage, boxcar settings of 300 ns gate width and 10 mV

sensitivity, and 20 mJ laser pulse energy. Wavelength selection was based on

several factors. The purpose of taking these readings was to see what

wavelengths were being emitted and from that, deduce what energy transitions

in the molecules were occurring. For this reason, wavelengths corresponding

to transitions found to give a strong emission in band systems that were

expected to occur, given the level of excitation, were chosen. Two band

systems in particular were explored; the Cameron bands (CO(a3]') -- >

CO(X1Y+)) and the 4th Positive bands (CO(A1) -> CO(X1,.+)).

The choice of the former system follows from the fact that a vibrational

level of the a3 ' is being prepared by the laser pulse. The 4th Positive system,

however, was selected for several reasons. First, the A1 'H is the lowest lying

excited singlet electronic state of CO and is low enough to be in the realm of

possible interactions among the electronic states. In addition if the A11' were to

be excited, the strongly allowed singlet - singlet 4th Positive system (10.69 nsec
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lifetime) is a powerful radiator. Another reason for viewing 4th Positive lines is

due to the fact that there is an overlap in the wavelengths of the Cameron bands

and the 4th Positive. For this reason, 4th Positive bands at wavelengths longer

than the longest Cameron band wavelength were checked so that any signal

found in the overlap region could be identified. If a 4th Positive line is found

outside of the overlap region, there is a good chance that other 4th Positive

lines are emitting and this must be considered when evaluating the existence of

Cameron bands.

In addition to wavelengths selected for their expected strength, some

were chosen that were not expected to have a signal in order to provide a

reference. To check for repeatability and to increase confidence in the results,

the signal at several of the wavelengths was recorded again on several different

days, the average of which is plotted in Figure 5.11. The level of detection in

this setup was approximately 0.02 V boxcar output.

It should be noted that the characteristic blue glow (C2 Swann Bands),

commonly observed when CO is excited by infrared laser radiation, was never

observed in any of the experiments discussed in this thesis. However, carbon

deposition on the windows (#1, #3 in Figure 5.1) occurred in visible amounts

significant enough to attenuate the incoming laser beam and reduce the

emission signal. This required cleaning of the windows with methanol on a

daily basis.

The fact that carbon was being formed most likely indicates one of two

possibilities. First, multiphoton processes could be occurring causing the
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dissociation of CO and the subsequent recombination of two carbon atoms to

form C2 which then attaches to the surfaces of the windows. A second ,

possibility is that reaction:

CO(v) + CO(w) -> C02 + C

is occurring where at least one of the reactants is CO(a3n).

The feasibility of the first process occurring was tested. Multiphoton

processes that Bokor ef al. studied required a power density on the order of

107-109 W/cm 2 [4] and the power density supplied by the laser when set at 20

mJ is only 106 W/cm 2. Also, two CaF2 windows were placed between the

aperture and the cell to act as attenuators of the beam. This supplied

approximately 25% attenuation; however, when the cell windows were removed

for cleaning, there was still noticeable carbon deposition.

Identification of 1 usec Results

This section will involve the discussion and possibilities for the

identification of the results given in Figure 5.1. Identification of these

experimental results was done by using the tabulation of observed spectra

given in Pearse and Gaydon, "The Identification of Molecular Spectra" [9]. All

relevant band systems of CO were checked in addition to the systems of other

molecules. These include the Schumann - Runge system in 02, several

systems in N2 , the CN Violet system (known to be persistent in the event of an

air leak into the system), the C2 Swann system and the Fox-Herzberg system in

C2. Also, atomic lines of oxygen, argon, carbon and nitrogen were checked.
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Discussion will begin with the strongest line seen in this set of

experiments, the 2785.4 A. There was repeatedly a strong signal at this

wavelength. Due to the scanning function at 600 g. slit width (Table 5.2), the

monochromator set to this wavelength actually encompasses a range of about

2775 to 2795 A. This line is attributed to the 4th Positive (CO(AlI) v--4>

CO(X1 ,+) v=1 8) transition for the following reasons. First, by looking at

observed spectra in CO in Pearse and Gaydon [9], only this transition and that

of the (1,1) transition (2793.1 A) in the 3rd Positive system lie within the range

stated above. The 3rd Positive transition was ruled out because a signal seen

at 2800 A, which is closer to 2793, was not as strong. The only other lines

within 2775 to 2795 occur in a weak transition of the N2 4th Positive group and

a transition in the C2 Fox Herzberg system. The nitrogen line was ruled out due

to the fact that, unless there is a considerable leak in the system, the amount of

nitrogen in the cell should be negligible. As far as the carbon line goes, there

was no other indication of any other lines in that system occurring, therefore, it

was assumed not to be the source of the signal.

Other strong signals were found at 2478 ± 10 A, 2742 ± 10 A, 3020 ± 10

A. Due to the presence of so many possible transitions lying within the given

ranges, no conclusive identification was given. However, if only CO bands and

carbon atom transitions are considered, the 2478 line could be accounted for

either by the carbon atom transition (2478 A) or by the (6 --> 17) 4th Positive

transition (2483.8 A). Similarly, the 2742 line could be due either of the (11-->

23) or the (7 --> 20) 4th Positive transition (2742.6 A and 2740.0 A,

respectively). However, the source of the strong line at 3020 ±10 A is still

unknown. It occurs beyond the 4th Positive system but before the CN Violet.
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The closest line found to be near it is a transition in the Gaydon Herman system

of N2 .

One question that needs to be addressed is, why isn't there an indication

of any Cameron bands? Knowing that the Cameron system occurs from the

radiation of the CO(a3]'D and that the v--2 level of the CO(a3 ') has been

prepared, it seems to follow that the Cameron bands would be observed.

However, it is known that the Cameron bands are much weaker, by at least an

order of magnitude, than the bands of the 4th Positive. For this reason, given

the low level of signal seen at what has been attributed to a 4th Positive

transition, the chance of picking up a signal an order of magnitude weaker is

slim. However, there is a chance of picking up the radiation of the CO(a 3H') v=2

to CO(X1 7+) v=O since this is the level of CO(a 3H') being prepared.

5.3.3 Time Integrated Results

Several spectra were taken using the setup of Section 5.2.3. This mode

of measurement allowed an overall look at a large range of wavelengths

relatively quickly. However, as previously mentioned, any signal to be recorded

in this way would have to be very strong and / or long lived. With this in mind,

various spectra were recorded covering the range from 1700 to 5200 A. Three

obvious band systems were discovered (Figure 5.12).

Two of these are easily explained as the laser pulse in first and second

order (1930, 3860 A ,respectively). However, these bands respond to shutting

off the gas flow through the cell by decreasing in intensity, in other words when

gases are in the cell, the signal is stronger indicating a contribution due to

emission.
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Therefore, it is believed that the signals at 1930 and 3860 A are due to a

combination of the laser radiation and the induced fluorescence of CO on the

CO(a 3n) v=2 to CO(X1 I+) v--0 transition.

The third band system discovered, upon further investigation, was found

to consist of two smaller bands (Figure 5.13) peaked at around 3440 and 3490

A. These systems do not occur when no gases are flowing through the cell.

Similarly, when the CO is shut off, leaving Ar only the cell, the signal

disappears. Considering the strength of the signal, near the same intensity of

that of the laser pulse itself, it was suspected that the signal be due to a

transition from a vibrational level near that of the prepared v=2 in the a3H. By

looking at the wavelengths of all possible transitions from the a3H" (Appendix)

and especially at those included in the locus of high transition probabilities, the

Condon Parabola, the closest match was determined.

Although not right on the Condon Parabola, the two closest matching

transitions were found to be (5 --> 14) at 3432 A and the (7 --> 16) at 3483 A.

Keep in mind that the calculations give band origins, whereas the actual peak of

the band (band head) may occur at a different wavelength. For example, the

band origin calculated for the (2 -> 0) transition is 1928 A and the actual band

head occurs at a longer wavelength. Also, as one increases vibrational levels,

the anharmonicity of the molecule has more of an effect. Therefore, the

calculations (Appendix), which rely on constants fit to experimental data, have

the potential of increasing error as the vibrational levels increase.
5

Here, another question must be addressed. If emission from the v=2, 5,

and 7 levels of CO(a 3n) is observed, why not from v=1, 3, 4 and 6? According

to the lower branch of the Condon Parabola (Table 5.A5) the favored transitions
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originating from these states are as follows: v=1 -- > 4 or 5 (2394, 2517), v=3 -- >

8 (2694), v--4 --> 9 or 10 (2716, 2865) and v=6 -- > 12 (2912). The upper branch

of the Condon Parabola extends into the vacuum UV where any emission

would be almost completely absorbed by the atmosphere, rendering it

undetectable with the present set-up.

These wavelengths all fall within the range scanned during the time

integrated measurements; however, no signal was observed. Also, all but the

longest two wavelengths overlap the range of known 4th Positive lines [9]. The

undetected emission from these wavelengths remains an unresolved question.

5.3.4 Time Dependent Results

The final set of results was taken using the set-up described in Section

5.2.4. For each of the band systems discovered in quasi - steady state mode, a

time dependent trace was obtained. However, due to equipment limitations,

only qualitative conclusions may be drawn. The preamplifier currently used is a

Thom EMI Model Al. This preamp has four settings which trade off gain with

instrument rise time. In order to amplify the signal to adequate levels for use by

the boxcar, the rise time became unacceptably long, from 200 nsec to 20 gisec

depending on the setting. Thus, the true time dependence of the signal is

masked, leaving only the possibility of qualitative comparisons between the

signals obtained at the same gain setting.

It was found that the signal at 3860 A rose sooner (Figure 5.14) and

decayed faster (Figure 5.15) than 3440 A. This indicates that the processes

leading to the population of the originating vibrational states (in this
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case believed to be v = 5 and 7 of the a 3 1) take longer to complete than the

process populating the v=2 level. This is expected since the 10 nsec laser

pulse populates the v--2 state of the a3 f1 before any subsequent transfer

processes can occur. Therefore, following the creation of the v--2, its possible

that upper vibrational levels of the a3 H are populated by V-V pumping. Then its

suggested that these levels are radiating back to the ground electronic state on

the transitions given above.

132



5.4 Conclusions

In summary, signals at various wavelengths in the UV were observed

following excitation by an excimer laser pulse which prepared the v=2 state of

the CO(a 3fl). The wavelengths of the observed signals and the transitions to

which they were attributed are given in Table 5.3.

Table 5.3. UV Emission from CO/Ar Mixture

Observed Wavelength (A) Transition

1930 ± 10 CO(a 3H) v=2 -- > CO(X1,+) v=O

2785 ± 10 CO(Aln') v=4 --> CO(XI7-+) v=18

3440 ± 10 CO(a31-) v=5--> CO(Xl l+) v=14

3490 ± 10 CO a3 ") v=7--> CO(X1 ,,+) v=16

13860 ± 10 2nd Order of the 1930 signal

Other signals were observed, however no conclusive identification was

given due to lack of supporting evidence. Qualitative time dependence of the

3860, the 3440 and the 1930 A line was observed, the 1930 and the 3860 rose

faster and decayed sooner than the 3440 A signal. Equipment limitations

forbade the quantitative study of the signal time dependence.

1
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APPENDIX

Calculations and Tables of Transition Wavelengths

In order to view all possible vibrational transitions among electronic

transitions in CO, instead of just those previously observed in experiments,

tables were calculated using vibrational energy constants obtained from Huber

and Herzberg [15]. The calculations are based on the anharmonic vibrational

energy structure:

E(v) = Te + We(V+0.5) - Wexe(V+0.5) 2 + .... (Al)

where higher order terms were included if data was available. E(v) is the

energy of vibrational level v in cm-1. The array of vibrational energies was then

normalized such that zero energy corresponds to v=O of the ground electronic

state. After the energy levels were tabulated (Tables Al -A4) it was simple to

create a matrix of all the possible transition wavelengths. This was done for 3

electronic transitions in CO; b3 _ --> a31- (observed as 3rd Positive bands), A1,l

--> X17.+ (observed as 4th Positive bands), and a 3Hl --> X1I+ (observed as

Cameron bands). Results are tabulated in Tables A5-A7 with the transitions

lying on the Condon Parabola indicated.

1
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6. NITRIC OXIDE STUDIES I:

Vibrational and Electronic Excitation of NO

in Optical Pumping Experiments

0 0

This chapter adapted from S. Saupe*, I. Adamovich, M.J. Grassi, J.W. Rich,

and R.C. Bergman, Chem. Phys. 174, 219 (1993)
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6.1. Introduction

Nonequilibrium molecular vibrational-mode energy

distributions, maintained by the processes of vibration-to-translation

(V-T) and vibration-to-vibration (V-V) collisional energy exchange in

gases, have been widely studied for various species [1,2]. These

processes and the resulting nonequilibrium energy distributions are of

great importance in gas discharges, molecular lasers, supersonic gas

flows and in the upper atmosphere. For some diatomic molecules, such as

N and especially CO, which have very slow rates of V-T relaxation,2

there exist extensive experimental and theoretical data on this subject

(see [1,21 and references therein).

Vibrational energy transfer in nitric oxide (NO) is much less

studied, although it reveals some interesting features making it very

attractive for investigation. First, this process has a very fast V-T

self-relaxation rate; the rate constant, P, v,-i' of the process:

NO(v) + NO -- NO(v-l) + NO , (I)

for v=1 and T=300 K, is P o= 2.5 ms'-i*Torr 1 [3], and Is about S orders

of magnitude faster than that of CO and N . Second, P has an2 10

anomalously weak temperature dependence with a minimum between 300 and

500 K (see a review of experimental data In [41). Finally, recent

"measurements of the NO V-T rates using the stimulated emission pumping

(SEP) technique by Yang, Kim and Wodtke [5] also show an unusual

"dependence of P on the vibrational quantum number. Detailed state-v, v-i

resolved experimental data on NO V-V rates are still not available,

except for the rate constant of the process:
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NO(v) + NO(w) -4 NO(v+1) + NO(w-1) , (2)

measured in [61 for v-wnl at room temperature, Q =124 ms -*Torr-1
10

Despite Its fast V-T relaxation, NO does allow anharmonic

vibration-vibration (V-V) pumping (7], such as has been experimentally

found for N2 (8,91 and CO [10]. This nonequilibrium V-V pumping of NO

has been observed in a glow discharge in NO/He and NO/N2 at T=250-350 K

[11], and also in CO laser optical pumping experiments (12-141 at

T=300-400 K, where the v-0-4 vibrational transition of NO was excited by

a CO laser. Strongly nonequilibrium vibrational distribution functions

(VDF) of NO have been measured up to level v=15 in [11] and up to v=14

in [14]. In addition, the NO J and I bands, as well as the continuum

spectrum of the NO2 recombination in the reaction:

0 + NO -NO + hv (3)2

were observed in (13]. Finally, new interesting results obtained in a

NO/He radiofrequency afterglow [1S] show well-pronounced vibrational

bands in the first overtone NO infrared spectra up to v=17, at

translational/rotational temperature T=250-300K, which indicate strong

V-V pumping.

The present optical pumping experiment allows detailed

investigation of NO vibrational and electronic energy transfer, as well

as of vibrationally-induced chemical reactions. Its main advantage over

glow discharge excitation methods is that vibrational levels above v=1

are populated by the processes of V-V exchange only.

This chapter presents the results of our experiments on NO

optical pumping and a theoretical discussion of the different energy

146



transfer processes Involved. Also, new experimental data on V-T

relaxation of NO as well as possibilities for further V-T/V-V rate

measurements are reviewed, in light of the present results.

6.2. Experimental

The schematic of the experimental equipment used in these

studies is shown in Fig. 6.1. Radiation from the CO gas laser (1) is

focused into the flowing-gas absorption cell (5). A liquid nitrogen

cooled flowing-gas CO laser with a 140 cm active length and a 20%

transmitting mirror (2) is operated single-line using a gold-coated

grating (3) with 290 grooves/mm. The central 20 - ID glass laser tube

with precooling coils is held in an insulated stainless-steel reservoir

that contains the liquid nitrogen bath. A 2-, ... glow discharge is

ignited in the tube. The laser delivers up to 8 W on the CO fundamental

line P(11) 8-7, A=5214 na, which has a very close resonance with the NO

line 1/2R(12.5) 0-4. The energy displacement between these lines is

6.8-10-3 cm- 1 from the mean of the NO A-doublet [16] (split by 9.510-3

cm 1 [171), and the laser line lies within the Doppler width of the

lower-frequency A-component (13]. The laser parameters, optimized for

the maximum power at this line, are listed in Table 6.1. In the present

experiments the laser is operated in the cw regime.

-The laser mirror and the grating holder are mounted on an

optical table to improve the passive stability. No active stabilization

is used. The achieved single-line stability is ±8% over 3 hours. Short-
.9

time fluctuations are much smaller and not critical for the

measurements.

147



The laser beam is focused into the pumping cell by a gold-

coated mirror (4) of 30 cm focal length. The reflecting angle is kept

small at 150 to reduce astigmatism. The fo'using area is approximately

2 2
0. 1 mm-, which gives a power density of -10 kW/cm . The complete beam

path is purged with dry nitrogen to avoid atmospheric water absorption.

An aluminum optical cell with 8 mm ID and an absorption length

of 8 cm is used. It is sealed with CaF windows. A high gas velocity2

through the cell reduces the concentration of possible chemical products

and also holds down the gas temperature which tends to be increased by

the exothermic up-pumping process. To avoid back flows and turbulence in

the pumped region, the gas inlet of the cell is designed with a smooth

entry section. The gas mixture enters and leaves the cell through four

symmetrical 6 mm tubing ports; it is flowing towards the laser beam.

Except for the cell Itself, all the tubing is stainless steel to avoid

corrosion. The cell gas velocity reaches 7.2 m/s in the observed pumping

region at a mass flow rate of 110 mg/s. This gives a residence time of

t -10 Ms.
r

The gases used are Matheson CP grade NO (99.9%) and Ar

(99.9%). The pressures of NO and Ar in the cell can be varied over a

wide range; for the present studies the NO partial pressure was in the

range from 0.5 to 3 torr, with the NO-Ar mixture pressure being

P =90 torr. The absorbed laser power is determined by measuring theNO-Ar

transmitted power behind the cell with and without NO. It changes from 1

W to 5.3 W for the range of gas pressure listed above, approximately

linearly increasing with the NO partial pressure.

The fluorescence light from the cell is collected 9.

perpend.cular to the laser beam. It is analyzed with a 1/3 m

monochromator (6 of Fig. 6.1) and an InSb detector (7) in the infrared
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or with a 1/2 m monochromator and a photomultiplier (8) in the UV and

visible. In both cases, a mechanical chopper at a frequency of 227 Hz is

used. A lock-in amplifier (9) records the signal; it is connected to a

PC 486 (10) for data acquisition and processing.

6.3. Results

In these experiments, the absorption conditions are optimized

to get maximum ultraviolet signal from the cell. The strongest UV

emission is achieved with a mixture of 1.1 torr of NO diluted in argon

at a total pressure of 90 torr. At a given NO partial pressure, the

argon pressure shows a wider optimum range; the UV signal is not very

sensitive to it. Measurements with NO pressures from 0.5 to 3 torr are

analyzed while the total pressure is kept constant, P=90 torr. Table

6.2 lists three selected cases of conditions.

Fig. 6.2 shows infrared emission spectra, generated by the

optically pumped NO in the cell, for the three pumping conditions of

Table 6.2. The first overtone, Av=2, emission of NO bands is shown under

low resolution and ranges from 2.6 to approximately 3.5 pm wavelength.

The approximate centers of some of the vibrational transitions are

shown. Overlapping P and R-branches of different vibrational bands

create the wavy structure of the signal. As can be seen, vibrational

levels up to v~15 are populated and radiating. Note that above level

v=15 there is still measurable infrared signal, but the signal-to-noise

ratio here becomes worse, which makes the analysis of the spectrum

difficult. The NO spectra shown are normalized to the same intensity at

2.8 •jm and demonstrate that the intensity distribution is remarkably
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similar over the measured range of NO partial pressures.

The dashed line in Fig. 6.2 corresponds to a computer-

generated synthetic spectrum, calculated for different NO vibrational

distribution functions (VDF) until the best fit with the experimental

curve of case II was obtained. Details of this standard procedure of

inference of the NO VDF from partially-resolved IR emission spectra can

be found in [11,18]. The spectrometer sensitivity used in this method is

determined by a blackbody calibration. The most serious problem in the

calculation of the synthetic spectrum is that there are no experimental

measurements of the Einstein coefficients for spontaneous radiation of

NO at high vibrational levels, v>8. Fig. 6.3 shows the results of ab

initio calculations of the Einstein coefficients by Billingsley (19],

for Av=1 (curve 1) and Av=2 (curve 2). Curve 1', for Av=l, is

recommended in [20] up to v=13, and uses the Billingsley scaling with a

more reliable experimental value for A of 13.4 s1* Curve 2', for20

Av=2, is obtained in [20] from combining the direct measurements of

ratios A /A (for v=2-13) with curve 1'. Here we present theV, V-2 V, V-1

best fit, extrapolated up to v=15. The accuracy of these measurements,

used in the present paper, decreases from ±6% for v=2 to ±20% for v=13.

The uncertainty in the inferred VDF is determined by this accuracy,

since the population distributions are inversely proportional to the

Einstein coefficients. The synthetic spectra are not very sensitive to

rotational temperature variations within this accuracy. Another possible

uncertainty is due to spatially inhomogeneous pumping conditions in the

cell.

We believe the NO VDF in the cell attains steady-state at our

experimental conditions, P = 0.5-3 torr, t - 10 ms. It has been shown
NOr

in (13] that the 'R radiation of the optically pumped NO reaches steady-
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state after -5 ms at P N0.15 torr, and after -2 ms at P =0.59 torr,NO NO

for a similar laser power density.

Fig. 6.4 presents the NO VDF obtained from the infrared

spectrum of Fig. 6.2. It is obvious that the vibrational levels up to

v=15 are strongly overpopulated compared to a Boltzmann distribution at

T=700 K, which is a typical temperature in our experiments (see below).

The VDF measured in earlier optical pumping experiments (141, at lower

temperature T=300 K, is also shown. By fitting the VDF's to the Treanor

distribution (7] we obtained the vibrational temperature of the first

level for both cases:

e
T - = 2500K, (4)

v ln(f IfI)

where e=w (1-2w x ) is the energy of the vibrational transition 1-40 ine ee

K, and fo and f are relative populations of levels v=O and v=1,

respectively.

We also analyzed the visible/ultraviolet emission between 200

and 400 nm due to the 7 and 0 bands of NO, emitted from the

electronically excited states A2Z÷ and B2U, respectively. A spectrum for

the pumping conditions of case II is shown in Fig. 6.5. The a-bands

extend into the violet and blue region and make the center of the pumped

region visible to the eye. One can see a visible glow of about 1 mm in

diameter and over 3-4 cm in length. Identification of different bands

(some of them are indicated in Fig. 6.5) shows that only progressions

v'=O, 1 and 2 can be found in these spectra. For the cases I and III,

the ultraviolet emission of S and y bands is still present, but it is

much weaker. The same transitions are observed as in case II, and the

intensity ratios are very similar.
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The electronic spectra are also used for the inference of the

rotational temperature T , necessary for correct analysis of ther

obtained results. Fig. 6.6 shows a comparison of the experimental

contour of the vibrational band 0,21 (case II) with the low resolution

synthetic spectrum of this band for T - 500, 700, and 900K. One can see
r4

that the agreement at 700K is quite reasonable. Repeating this procedure

for several non-overlapping bands, we Infer the temperature T =700±100K

for all three cases of Table 6.2. Simple estimates show that the

characteristic time of rotational relaxation at these conditions, -10-8

s, is much shorter than the radiative lifetime of A2E and B2T states

(-0.1-0.4 ps and 3 its, respectively, [21]) and the residence time, -10

ms. This allows assuming translation-rotation equilibrium, T=T r

6.4. Discussion

6.4.1 Vibrational excitation

First of all, the experimental results show that vibrationally

excited NO molecules (at least up to level v=15), as well as

electronically excited molecules in A2 + and B2T states, are produced In

the cell. Note that the cell is irradiated by a single CO laser line,

which excites only the vibrational transition NO(X 2 T,vO-*i). This maybe

compared to the energy of the vibrational level v=0 of the B2U state,

which corresponds to v=35 of the ground electronic state. The measured

translational temperature T=700K is too low to account for this

excitation by an equilibrium thermal population. Also, the laser energy

fluence in the focal area does not exceed a value of -10 kW/cm2 , which
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makes multiphoton excitation processes completely negligible. Therefore,

the only possible explanation of the high vibrational excitation

observed Is the anharmonic V-V pumping of nitric oxide [7,22].

0 •Basically, this mechanism involves single-quantum transitions, at least

at the low vibrational levels.

The NO VDF, measured in our experiments (see Fig. 6.4,

reasonably corresponds to the Treanor distribution:

ff e vS]I ei
exp v = 0.5 + - (5)I-o T T ' o25T

at T=700K and T =2500K up to v=15 - v 0 . In (5). v0 Is the vibrational

level at which the Treanor distribution has minimum, 3=w x is the
e0

molecular anharmonicity in K. This confirms [7] that the VDF in this

region is controlled by the V-V processes. The VDF, measured in (141 at

a lower temperature, T=300K, reveals a similar structure. The Treanor

curve at T=300 K, v a v =7 lies much higher than the experimental VDF,

which shows a significant influence of V-T relaxation.

As has been discussed in (11], the substantial V-V pumping of

NO occurs because the V-V rates, at least among the lowest vibrational

states, exceed the V-T relaxation rate, for example, Q12/P - so.
10 10

Thore remains a question, however, whether the vibrational

levels at high v's are populated in far-from-resonance V-V exchange

processes:

NO(v) + NO(i) --ý NO(v+l) + NO(W) , (6)

or whether the near-resonant V-V exchange:

NO(v) + NO(v) -4 NO(v+1) + NO' 1) , (7)
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dominates. Recent measurements of the V-T rates In NO [5] have shown

that at T-300 K the nonresonant V-V Influence is negligible already at

v-8, where the energy defect of the process (6) becomes significant.

Nevertheless, the V-V pumping effect at room temperature does exist even •

at v-14 (see Fig. 6.4). Thus, it becomes obvious that at T-300K the

nonequilibrium VDF at va8 is created by near-resonant V-V exchange (7).

Note that the NO V-T relaxation rate only slightly rises with

temperature; for example, the rate constant of the process (1) for v=1,

increases approximately 20%. from T=300 to 700 K (see [41). In addition,

the VDF's at these two different temperatures look very similar.

Therefore, it is reasonable to conclude near-resonant V-V exchange is

also a dominant process at T=700K, at least up to v=15.

For the conditions of the present experiment, the analytical

diffusion theory of vibrational relaxation of diatomic molecules [23]

predicts a gently decreasing plateau in the VDF above the Treanor

minimum v0 (this is the so-called strong excitation regime):

r P 0  T 83 exp(8 v) r 01

f- w V V (P Q0) (8)
V v+1 Q0o 125 6 v.1 v.1 10 10

10 Vt

Here r is a constant to Dund by matching the distributions of (5)

and (8) at v-v0 , 
6VT and 6 are parameters of the SSH [24] theory of V-

T and V-V exchange, respectively:

P(v1, " [v+l)-P *oexp(68. V) (9)

QVW÷I (v+l)}(w+l),Q0 1 *exp(-6.w. jv-w I ).Ž - exp(-61I Ivw (10)
v.1,v 102 2"pvv"1
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a = - (1/c).(I/T)°'s6 (i1)

Qualitatively, this theory may be applied to the NO VDF. One can see

that the VDF's in Fig. 6.4 at v>8 decrease much steeper than -1/(v+1).

However, in the case of NO the ratio P o/Q-1 ~ 0.02 is not so small as
10 10

for N and CO; for this reason the second term in (8) becomes2

significant to give an exponential fall-off to the VDF. Also, numerical

calculations for the conditions of the experiments [14], using master

equation analysis [22], are shown in Fig. 6.7. Here a and 6 were

taken from (131, rather than determined by the SSH-theory relations, (9-

11). In 113], these two parameters were found by measuring the rise and

decay time of the overall IR signal from the optically pumped NO (see

discussion in Section 4 of i13]). The distribution function, created by

all the V-V processes, follows the experimental VDF rather closely. At

the same time (see Fig. 6.7), it is clear that non-resonant V-V are

important only below v97. Note that V-V and V-T rates of [13] cannot be

used for the simulation of the present experiments at T=700K, because

they give. an unrealistic temperature dependence.

6.4.2 Electronic excitation

The mechanism for creation of the molecules in electronically-

excited states observed is not so unambiguous as the ground state V-V,

V-T processes. There exist three major possibilities:

a) collision-induced resonant vibration-to-electronic (V-E) energy

transfer, following the V-V pumping of NO(X2fl) up to level v-35 as

suggested in (131 (a similar process was experimentally observed in
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carbon monoxide (25]):

_- NO(BZflv-O) + M

NO(X2T,v-35) + M (12)
NO(kA21, v-0) + M

&

b) recombination of N and 0 atoms:

N + 0 + M--) NO(A,B) + M (13)

c) energy pooling in the process:

NO( ) + NO(Xw) --. (NO)* --+ NO(A,B) + NO(X,v-Av) , (14)
2

Ev + E W" E B

Here E , E are energies of vibrationally excited molecules in the X-V V

state; EA, E are energies of excitation of A and B states,

respectively.

Note that the last two mechanisms (b and c) do not require the

excitation of NO up to very high vibrational levels, v-35.

The major mechanism of production of the atomic species in the

cell is a vibrationally induced chemical reaction:

N0 + 0
2

NO(v) + NO(w) N + 02 (15)

NO + N2 a

The activation energies of the three channels of the reaction (15) are

EI- E2- 33 kK and E3- 39 kdK, respectively [261, which correspond to NO

vibrational levels v-15 and v-17. Given the levels of NO vibrational

excitation observed, such atom production is possible in the cell.
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However, the formation of NO(A,B) in the recombination reaction (13) is

very unlikely. If recombination occurs in the cell, the continuum

fluorescence in reaction (3), much faster than (13), would appear, which

we did not observe. We conclude that the residence time -10 ms is too

short to produce enough atomic species for any observable recombination

to occur in reactions (3,13), following the vibrationally-induced

reaction (15). The recombination continuum was observed previously, but

only in a non-flowing cell [13], and in a slow-flowing cell with

residence time - 0.2 sec [14].

In addition, we did not identify any electronic transitions

A,v' -) X,v" (v' ,v"y) and B,v' --- X,v" (v' ,v"1) with v'>2. Some of these

transitions have substantial Franck-Condon (FC) factors f(v',v") in the

range of X= 200-400 pm [21], comparable with the FC factors for the

observed bands. For example, the transition 5,107 (X=263 nf, [27]) has a

FC factor f(5,10)=0.210, while for the transition 0,3Y (X=259 nm) it is

f(0,3)=0.147. Similarly, in 0 bands f(3,10)=0.0393 (k=323 nm), while

f(0,8)=0.0384 (A=320 nm). One can conclude that the relative populations

of NO(A,B,v>2) are small compared with those of v=O-2, which mitigates

against a purely recombinational mechanism of NO(AB) formation.

Energy pooling (14) cannot be excluded on the basis of these

experimental results. This process may occur if the total energy of

colliding molecules exceeds the excitation energy of A2E or B2M states,

(which also makes possible the (NO) 0 transition complex formation in
2

reaction (14), since its activation energy is lower (51]. In addition,

the transition complex lifetime should be much greater than its period

of vibration, to make possible the vibrational energy redistribution.
4 .

The importance of this mechanism compared to resonant V-E transfer could

be determined by measuring the rise time for populations of different
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vibrational levels of the NO(X 2 U), together with the rise time for the

NO(A,B) population, using pulsed CO laser optical pumping.

6.4.3 V-T and V-V rates measurements

The experimental data and the discussion presented above show

that anharmonic V-V pumping of NO is possible despite its fast rate of

V-T relaxation. In particular, at high vibrational levels va8, only

near-resonant V-V exchange can compete with the V-T processes. The

importance of this effect depends on the relative populations of the

high vibrational levels and should be carefully checked In experiments

involving vibrationally excited NO. For example, we consider the recent

work by Yang, Kim and Wodtke [5], where NO V-T rates were measured using

stimulated emission pumping (SEP), at v-8-22. In these experiments, one

particular rotational level of NO was excited by a tunable narrowband

ArF excimer laser (PUMP):

NO(X 2 11,v=O,J) -- ý NO(Be2T,v'=7,J') (16)

Then a high vibrational level of the X-state was prepared using a

XeCl excimer pumped dye laser (DUMP):

NO(B TT,v'=7,J') -X NO(X 2TR,v"=8-22,J") (17)

The decay of the population of level v" was observed using laser induced

fluorescence. The measurements were made at room temperature, with two

different isotopes, N14 01 6 and Ns5018 . The rotational levels, available

for the PUMP transition (16), with the ArF laser, used in (5] (W =

51815±175 cm'), are J=24.5-32.5 for N14016 and Ji15.5-23.5 for N 0O18 .
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Simple estimates (see also (28]) show that, if both PUMP and DUMP pulses

are saturated, the vibrational level v" is prepared with a maximum

relative population of fVo- 3.10 and f Vo- 3-10-, for light and heavy

"40 isotopes, respectively. Since the present paper shows that the effect of

near-resonant V-V processes (7) on relaxation at v~10-15 is very strong

for f >10-4 (see Fig. 6.4), the measured relaxation rate k(v") should

represent the combined action of both the V-T and the near-resonant V-V

energy transfer.

The possible influence of near resonance V-V energy transfer

was not discussed in [S]; it was not explicitly specified whether the

laser pulses were saturated. Thus, the initial population of the level

v", as well as the possible influence of this V-V energy transfer, is

uncertain. It appears, however, that the experiments of [5], using the

heavy isotope N s0e, indicate that the measurements are not affected by

V-V transfer. In the saturation regime the population of Nis0is(vol) is

about 10 times higher than that of N1 001 o(v"). Since the rate of the

near-resonant V-V exchange non-linearly depends on fi," this would give

a much higher k(v") for the heavy isotope. However, the measured k(v")

for NO"0 is -10-20% lower than that for N'4016. The only explanation,

consistent with our measurements, is that the laser transitions in (5]

were far from saturation, which made fiV low enough to avoid the faster

relaxation due to near-resonant V-V. This made possible reliable

measurements of the V-T rate constants. Nevertheless, there is no doubt

4 that the same experimental set-up (5] can be used for independent

determination of the V-V rates, if it is operated in the saturation

regime. It appears [28] that the lasers used in the experiments [5] are

capable of producing sufficient pulse powers for saturation.

Some phenomenological measurements of the NO V-T and V-V

159



rates, i'sing time-resolved optical pumping, were made in [13). In these

experiments, the IR radiation from the cell was not state-resolved, and

only the overall signal intensity was monitored. This work used the

functional dependencies (9,10) of the rates on the quantum number, where

P and Q were measured in (3,6]. 8 and 3 were considered as
10 10 VTW

merely adjustable parameters, and the relations (9,10) are therefore not

the results of SSH-theory, but only convenient parametrizations. The

rate constants were determined by fitting the rise and decay of the IR

signal, calculated using a master equation analysis (22], to the

experimental curves. Of course, this procedure is reasonable for the

inference of the rates only at low quantum numbers, presumably v5 10-15,

because the IR radiation from upper states in these experiments is very

weak, and the extrapolation to higher v's, as well as to higher

temperatures, has no firm basis. Fig. 6.8 shows the comparison of these

inferred V-T rates [13] to the direct measurements (5]. One can see good

agreement in the range of applicability of the procedure [13].

A more reliable and explicit method of inference of both the

V-T and V-V rate constants would be a state- and time-resolved

experiment with NO optical pumping, which would allow separate

determination of the V-T, near-resonant V-V and non-resonant V-V rates.

Again, this method would allow measurements at low v's, vSlO-15, while

the SEP technique cannot be used at v<8 because of strong Franck-Condon

pumping [S]. These measurements are being pursued in our group.

The theoretical explanation of anomalously fast NO vibrational

relaxation is still uncertain. An explanation given in (5] uses the

basic arguments of adiabatic theory, developed in the 1960's (e.g. see

[29]). This theory takes into account the strong attraction between two

NO molecules. It reasonably explains the absolute value of P and its
10
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temperature dependence, but it would give a much stronger dependence of

P on v, then was actually found in [5]. On the other hand, non-

adiabatic theory (30,31], predicting very weak quantum number

dependence, gives no explanation of the P 0(T) rise at low temperatures

T<300 K. Obviously, this problem requires further experimental studies

and theoretical analysis.

6.5. Summary

V..,rational and electronic excitation of nitric oxide has been

investigated in optical pumping experiments. It is shown that the

mechanism of vibrational excitation Is nonequilibrium V-V pumping, in

particular near-resonant V-V exchange on high vibrational levels,

8svs15. This result shows the importance of the V-V processes even for

fast relaxing diatomic molecules. Electronically excited NO molecules in

A21 and B21T states can be created both by resonant V-E energy transfer,

following V-V pumping up to v~35, and in an energy pooling process (14).

The relative influence of chemical reactions appears to be small due to

short residence time of the gas mixture in the cell.

Recent measurements of NO V-T rates are analyzed. It is

suggested that direct V-V rate measurements at high v's, vliO, can be

made using the SEP technique with pulse intensities giving saturation.

Also, state and time-resolved infrared measurements in optical pumping

are suggested as an efficient method of determination of the NO V-T and

V-V rates at low v's, vs1O-15.
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Table 6.1. Laser parameters optimized for P(11) 8-+7

He 9.1

Partial N 2 2.5

pressures
CO 0.8

(torr)

Air 0.05

Total 12.5

Gas velocity 5 m/s

Temperature 120 K

Discharge current 30 mA

Discharge voltage 13 kV

Table 6.2. Experimental regimes

Case I II III

PNo' torr 0.5 1.1 2.9

Absorbed 1.1 2.4 5.2

power, W
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Figure captions

Figure 6.1. The experimental set-up. 1, CO laser; 2, laser mirror, 3,

grating; 4, focusing mirror; 5, absorption cell; 6, mono-

chromator, 7, InSb infrared detector, 8, photomultiplier, 9.

lock-in ;%mplifier; 10, computer; 11, powermeter

Figure 6.2. The first overtone infrared NO spectra; solid lines - experi-

mental spectra, dashed line - synthetic spectrum

Figure 6.3. Einstein coefficients for NO infrared spontaneous radiation;

1,2 - [19], i',2' - (20]; 1,1' - Av=i, 2,2' - Av=2

Figure 6.4. The experimental NO vibrational distribution functions

(points); 1,2, Treanor distributions for T =2500K, T=300K, and
V

T =2500K, T=700K, respectively; 3, Boltzmann distribution,
V

T=700K

Figure 6.5. The visible/ultraviolet NO spectrum

Figure 6.6. The experimental profile of the NO 0,27 band (points); the

synthetic profile at different temperatures (lines)

Figure 6.7. Comparison of the master equation calculation with the experi-

ment [141

Figure 6.8. Comparison of the NO V-T rates measured by optical pumping

(13] and by SEP [51 (the point for v=1 is the result of [3])
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Figure 6.3. Einstein coefficients for NO Infrared spontaneous radiation;

1,2 - [191, 1.2' - [201; 1,1' - Av,,1, 2,2' - Av,2
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2

Figure 6. 1. The experimental setup. 1, CO laser; 2, laser mirror, 3,

grating; 4, focusing mirror; S, absorption cell; 6, mono-

chromator, 7, InSb Infrared detector, 8, photasultiplieri 9,

lock-in amplifier; 10, computer; 11, powermeter
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Emission inLensity (normalized)
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S4 Case I
Case. II
Case III

i IIII

v=2 v=5 v=8 v=11 v=13 v=15

Case II PAr=90 torr
PNo= 1 torr
T=700.K.

I, "

2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5

Wavelength, jim
4

Figure 6.2. The first overtone infrared NO spectra; solid lines - experi-

mental spectra, dashed line - synthetic spectrum
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Figure 6.4. The experimental NO vibrational distribution functions

(points); 1,2, Treanor distributions for T V-2500EK. T-300K, and

T =2500K, Tf700K, respectively; 3, Boltzmann distribution,
V

T-700K
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Figure 6.5. The visible/ultraviolet NO spectrum
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Figure 6.6. The experimental profile of the NO 0,27 band (points); the

synthetic profile at different temperatures (lines)
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Figure 6.7. Comparison of the master equation calculation with the experi-

ment (141
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Figure 6.8. Comparison of the NO V-T rates measured by optical pumping

(13] and by SEP (51 (the point for v=l is the result of [31)
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7. NITRIC OXIDE STUDIES II:

Development of a 15 W c.w. Single Line CO Laser

for NO Vibrational Excitation

This chapter adapted from M. Grassi, 15 W High-Efficiency Liquid-N -Cooled
2

Fast-Axial-Flow Electric Discharge Laser Operating Single-Line, M.S. Thesis,

Department of Mechanical Engineering, OSU (1993)
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7.1. INTRODUCTION

History

A principal discovery that led to the development of

today's powerful CO and C02 lasers is attributed to Legay-

Sommaire and Legay when they showed tVa' infrared emission

from excited vibrational levels coulLd .)e obtained by a

collisional transfer of vibrational energy from active N2 to

some infrared-active molecules such as C02, N20 and CO [1).

They also suggested that infrared laser action could be

obtained by using vibrational-rotational infrared

transitions of the ground electronic state of the CO

molecule (2].

This was followed in the same year by Patel achieving

the first CO laser, using active N2 to excite the

vibrational mode of CO (3]. Lasing action on the ground

electronic state was produced in a low pressure CO pulsed

discharge. The conditions for lasing were P s.8 Torr,

V paV a 15 kV (pulse) and I p 15A (pulse). Output was

distributed among several vibrational-rotational lines of

the Co fundamental vibrational infrared bands. The greatest

power output from a single spectral line (0.1 mW) was on the

v=7-+6 P(11) transition. This laser was not cooled and

operated at room temperature. The maximum power achieved in
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the laser was 500 AW at 5% efficiency. Using a similar '?

arrangement Legay-Sommaire et al reported continuous wave

(cw) laser emission in 1965 with a total output power of .370

mV on 36 lines (4].

In 1968, Osgood and Eppers reported on the first high

power CO laser; 20 W at 9% efficiency was attained. The

improvement resulted from; 1) the addition of He and air to

the N2-CO mix and, 2) cooling of the discharge tube with

liquid N2 [5,6). In addition, in contrast to Patel and Legay

et al's arrangement the gases were premixed before entering

the optical cavity and then subsequently excited by electric

discharge [7].

Present State

To date, powers in the kW region have been achieved

using self-sustained direct current (dc) glow discharges in

fast-axial-flow arrangements (8]. Other methods for

producing high powers without the dc discharge exist, for

example the supersonic gas-dynamically-heated laser of Watt

(9]. In recent years, excitation by the use a capacitively-

coupled radio frequency discharge has been applied to a

fast-axial-flow arrangement by Sato and Taniwaki in a 1 kW

laser [10]. Blow and Zeyfang have also used this method of

excitation in the plenum of a supersonic nozzle [11].

Other methods of excitation which are being studied are

electron-beam pre-ionized systems [12,13]. The Russians have
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been the first to report on the.. operation of a large

"photoionized CO laser (14]. In this laser, electrons were

created in the main laser tube by UV radiation from an

auxiliary discharge. Best performance for delivering energy

to the laser discharge was 12 J-liter-l-atm-l with 11%

conversion efficiency into laser output.

Comparison of CO Laser to Other Common Lasers

The CO laser, due to its wide spectral range of lasing

lines from 4.8 to 8.4 ýmt on the CO fundamental bands and

from 2.8 gmto 4.0 umt on the second overtone, is between two

other high power c.w. lasers in the infrared [15,16]. The

hydrogen fluoride/deuterium fiuoride laser operates in the

2.7- 3.5 umtrange and the C02 operates in the 9.4 -10.6 amt

range (17]. The CO laser is one of the most promising of the

high power gas lasers from an efficiency standpoint. It has

reached physical efficiencies as high as 47%, where physical

efficiency is defined as:

n -- (1.1)

where:

W a• - Laser output power

W W - Power supplied to the electric discharge

[Bhuamik,1970]. Unfortunately, a principle drawback to CO

laser development, is that in order to achieve both high

powers and efficiency, cryogenic cooling is needed [18].
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Overall system -eff iciency defined, as:

nameqWp WVr (1.2)

where:

Wer u Power required for circulating the laser gases

W.t a Power required for cooling active medium

n,,is, thereforemuch lower than n..., primarily due to the

W.. term. However, compared to the efficiency of other lasers

for industrial uses, most notably the CO2 laser, the overall

efficiency is almost the sane (19].

Another major advantage of the CO laser compared to the

CO. and other laser sources is its high efficiency in the 5

micron region. This is half the wavelength of the CO2 laser.

The advantage of a smaller wavelength is that the laser beam

is capable of better focusing, leading to greater intensities

for the same laser power. For industrial applications, most

notably the metal fabrication industries, the lower wavelength

leads to higher absorption. Fiber optic power transmission is

also possible with the 5 micron wavelength and more than 200

W haM been transmitted through chalcogenide glass fibers (20].

This is an advantage over the CO2 laser since fiber optics

have yet to be developed that are efficient in transmitting 10

i wavelengths. 
AS'
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Use 'in Zinetics and. Snectroscobpy

Despite the disadvantage of having to cryogenically cool

-the CO laser, the CO laser ha been used with much success in

the area of kinetics of vibrational distributions and rate

constants for vibrational energy transfer (1]. The various

diagnostic techniques which are used for this purpose are

almost exclusively based on spectroscopy such as probe laser

techniques, light scattering techniques and CARS. As much as

the CO laser has proved to be successful it has an obvious

weakness: the spectrum is discrete so it can only probe the

sane molecule or the transitions of another molecule that have

good coincidence with one of the CO lines [21].

An ideal spectroscopic source would be tunable with good

power. High pressure CO2 waveguide lasers have been developed

that are tunable but the range of tunability is limited to the

10 gm region (22,23). No tunable CO lasers have been built to

date but much work has been done at the Institut fd r

Angesandte Physik in Bonn for building a "stepyise-tunable" CO

laser E23]. Recently this group has achieved c-laser emission

froma a liquid nitrogen (LN) cooled CO plasma on the overtone

band Avi2. This further increases the spectral range of the CO

laser since this group achieved 150 rotational lines ranging

from 2.86 to 4.07 poes. Unfortunately, maximum single line

power. was 50 mW rs4].

As mentioned earlier the CO laser has been utilized in

experiments involving vibrational energy transfer among small
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polyatomic and diatomic molecules., Current. -research at the-

Molecular Energy Transfer Laboratory - at OSU involves

vibrational energy transfer and vibrational-to-electronic mode

energy transfer in Co and NO when a CO laser is used to excite

the molecular vibrational mode by resonant transfer of

radiative energy to the molecule. Our experiments employ an

absorption cell where a mixture of gaseous CO or NO in a

diluent gas absorbs energy from a CO laser (25].

The CO laser has been used to achieve population

inversions in pure solid a-form CO at low temperatures (20-35

K). Legay-Soumaire and Legay using a conventional electric-

discharge liquid-nitrogen-cooled CO-N.-He laser with a 3 m

discharge length have observed strong vibrational inversions

up to level v-23 in isotopic 13C160, 120 8 0 and 13C180 molecules

(261. In their experiment 50 MW on the laser line v-l-0 P(11)

or P(10) was used to pump 12CI60 molecules to the v-l level and

this vibrational energy was then subsequently transferred to

the heavier 13C160, 12CI90 and 13C180 isotopic molecules. One of

the major problems they encountered was trying to grow a

single a crystal without any cracks. Chang and Ewing have

ove this problem by using a different cystal growing

method and have obtained population inversions in isotopically

enriched samples on a NaCl(100) substrate up to level v-30

with a Q-switched laser similar to that of the Legays except

operating single line on the v-3-2 P(12) with 300 pJ pulse"

at 50 Hz (27). In their experiments a-CO single-crystal slabs
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Were -grown by epitaxially.depositing gaseous CO on the (1OO)

face of the NaCl single crystal. The success of the method was

Sattributed to the identical crystal structure on the a-CO and

NaCI and close natchup of the lattice constants. The role of
the substrate during the energy-transfer process was explored

by monitoring the vibrational population distribution and

relaxation lifetime as functions of the number of overlayers

on the substrate surface. Results indicated that vibrational

motions of the absorbed CO are poorly coupled to the NaCI(100)

surface.

Ewing has also investigated collisional up-pumping of

isotopic CO in liquid Ar (28]. A cw laser operating on the

v-l-0 and vc2-i transitions was used to pump the CO in the

liquid Ar to the v=1 level. Redistribution by collisional up-

pumping to higher vibrational levels resulted and levels to

v-20 were detected. For some particular CO concentration,

translational temperature, and lasing conditions the

population of the vibrational level was inverted. The Co laser

developed in the present research could be adapted for these

liquid phase and surface experiments.

Motivation for Present Study

Motivation for building a new CO laser is that the Co

laser that was originally being used was incapable of

producing high power on the v=8-7 P(11), 1-5214 nm line or on

other'transitions that had good absorption by NO, see Table 7.1
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(3.1. The principle objective for a new -lamer would -be

high power on a transition that had good resonance absorption

by No.

Other requirements or a new CO laser are that low

vibrational band components,, down to at least the v-2-1l

transition, lase cw. This transition is needed in order to

optically pump gaseous CO in an absorption cell. Other higher

vibrational transitions such as the v-3-2 can be used to pump

gaseous CO but this requires higher power for the same gas

conditions (32]. The CO laser built by Mehuetli was excellent

in this regard because it was able to lase on the v-1-0 with

at least 70 mW Q-switched (33,34]. This laser was used by our

group for many experiments and it would be convenient for

operational purposes if another laser could be built that was

also able to give good power on the lower transitions (25,25].

Another important requirement of a new laser is for it to

be stable in cw operation on a single line. The new laser

would have to be operable f or hours at a time and be as

'inexpensive as possible to run, as well as being capable of

easy,, minimum,, maintenance.

a With these design objectives, a fast-axial-f low electric

discharge arrangement was chosen. The reasons for choosing

this type of setup are:

1) Higher power can be achieved yet the new design can remain

very close to that of Mehmetli's CO laser. The idea was to

improve upon the basic design since we knew it worked on the
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v-l--O transition. .

2) With a fast-axial-flow design such time and cost could also

be saved by not having to design for a laser where the active

medium was entirely cooled through the wall of the discharge

tube.

3) With the same layout the same optic holders could be used.

The layout allows for the laser beam to be mechanically

chopped, both intracavity for Q-switching, and after the

output coupler for time resolved experiments.

The basic laser discharge and cooling system of

MebmetliIs is shown in Figure 7. 1. Many new ideas for cooling

and design of the laser discharge tube were discussed (see the

Recommendations and Discussion section for a new cooling tube

arrangement). Much excellent work has been done in this area

by Grigor'yan and his colleagues; and perhaps, if the time and

funding had permitted, we would have opted to try such a

design [36).

Section 7.2 will discuss the design of the new

laser. It will also discuss the type of the optical resonator

and ofther important details critical to the performance of the

laser.

For the reader who is only interested in the performance

of the laser, Section 7.3 discusses operation of the laser in

the broad-band mode and single line mode. All gas conditions

and other data on performance are included in this chapter. It

contains most of the tables and figures pertaining to lasing
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conditions such as spectral laser scans and mode shape

patterns.

Section 7.4 contains observations on running the laser

and discusses how to tune the optics. This chapter need not be

read in detail by those not interested in operating the laser.

Section 7.5 is a brief summary of the laser being used to

pump NO. The thesis concludes with Chapter VI which gives an

overall report on the laser's performance and discusses

improvements to the existing setup and construction of a new

laser tube.
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7.2. DESIGN AND DESCRIPTION OF FAST-AXIAL-FLOW

ELECTRIC DISCHARGE CO LASER

General DescriDtion

A CO Electric Discharge Laser (EDL) utilizes a glow

discharge to achieve lasing in a flowing gas medium. The

active medium is a He:CO:N2 :O2 mixture. The typical laser is

made of cylindrical glass tubing; a meter or so in length and

a few cm in diameter. The gas mixture is passed through the

tube and velocities can be several meters per second. In this

chapter a specific design is discussed along with the actual

construction.

Laser Layout

For the new design a liquid-nitrogen-filled stainless

steel trough surrounds the laser discharge tube. Laser gases,

before entering the discharge tube, are preoooled by coiled

pr•e-cooling tubes which are also immersed in the trough. (The

laser tube was designed for 400 watt cw output, which could be

attained for higher gas flow rates than used here.) The laser

is a 2 arm discharae with two entrances for incoming gas with

a single exhaust. Figs. 7.2 and 7.3 show the laser's basic.
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layout. .

-Coolina tubes

The design of the cooling tubes depends on maximum mass

flow rate. Nany papers on Fast-Axial-Plow/Forcd-Convective-

Flow CO lasers were reviewed. The objective was to identify

designs and flow rates that gave good power on transitions

that had good absorption by NO, especially the v-8-7 P(11),

1-5214 nm line [37]. Kan and Whitney's mass flow rates were

chosen since their reported performance showed good power on

the v=--7 transitions, see Table 7.2.Best performance of their

LN2 laser was reported at 400 W with a 35% output coupler.

The mass flow rate was 2 g/sec with a He:CO:R2 molar ratio of

950:36:14. Their laser tube was I m long with a 2.5 cm

diameter bore. This mass flow rate was used to compute the

number of coils required to cool the gas to %78 K. The

calculations for the dimensions of the cooling tube are

contained in Appendix B.

There was insufficient time to do a finite element

analysis of the laser tube and best guesses or material

availability was the rationale for some of the specification

of this laser discharge tube. For the laser wall thickness,

1.5 m= was chosen because it was readily available. The

overall dimensions of the laser tube were chosen as 19 mm for
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Table 7.2: Kan and Whitney's spectral distribution
of their laser in the convective and
diffusion modes[Kan and Whitney]

Forced convective flow DIffusion mode

Vibiational Transition Relative Transition Relative
band normalized normalized

band band
tntenvAty Intensity

VU -,4 P( 0.1 ..
,=6-5 P(12)-P(1) 0.8 -0.
V.7-6 P~I-(.1 1 P(14)-P(16)
v- 8-7 P(12) 0.5 P(1S)-P(F?) 1
V,9-S PO(1)-P(12) 0.4 P(13)-P(16) 0.9
V = 10-9 P(10)-P(12) 0.2 P(13)-P(l$) 0.7
v=11-I0 P(IO)-P(11) 0.2 P(14) Q.. 2
uv 12-11 P(i6) 0.03 P(14)-P(1S) 0.3
vw 13-12 P(S)-P(1 1) 0.06 ......
v-14-13 P(9)-P(1O) 0.05
v= 15-14 P(9) 0.02 ...
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the, width mostly. becauue of velocity reqUtemelts- The overa,-

1.8 meter length was chosen by the limit of the glass blower's •.

oven size, and our optical bench size, see Figure 7.3 and

Appendix A.

The injectors were designed so that swirl was introduced

into the cavity. This has been shown to enhance the cooling

at the walls. The design of these injectors, shown in Figure

7.4, is different from those used in MehmetliIs laser which is

a copy of a design by Martin, see Figure 5 (38].

The nozzle is actually recessed from the tube and a small

diffuser type of arrangement is used immediately after a

capillary tube which is acting as the nozzle. This square

edged nozzle makes calculations easy and the diameter

tolerance of this capillary tube is excellent. A 2.0 mm

inside diameter with a tolerance of ±.1 mm was used for the

capillary tube/nozzle. This size was chosen because it was the

same diameter as Mehmetli construction although there was

considerable disagreement over what the inside diameter of

this nozzle should be. Again, the idea was not to deviate too

greatly fron a construction that we knew worked on the v-l-0

transition, yet we wanted to improve the design. Pressure

seasureaents showed that Martin's orifice was not sonic at the ,

gas conditions that were typically used. Being sonic at the

orifice has its benefits in a CO laser construction. First,
I q"

over a long period of operation, carbon and impurities from

the discharge are much less likely to diffuse upstream past a
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sonic injector and adhere to -the cooling walls, decreasing the

heat transfer coefficient. Second, since impurities are less

likqly to diffuse upstream under choked conditions they will

not clog the nozzle. Thus the same amount of mass flow will

be delivered; thereby, long term gas conditions are assured.

Third, metering of the flow becomes easier because it is

directly proportional to the upstream to downstream pressure

ratio.

The benefits of the current injector design are that (1)

it is easy for the glass blower to change the orifice and (2)

the injector does not stick into the laser discharge area.

Without the injector sticking into the laser cavity a smaller

tube size could be used which is an integral part of the fast-

flow-axial design.

One of the most important details of the current laser

discharge tube is the design of the exhaust. With Mehmetli's

design and similar designs such as those used by Urban's group

in Bonn and those of Martin, the exhaust tube has been of

equal or smaller size than the discharge tube diameter [25].

Wi th the present design the inlet of the exhaust tube whore it

joins the discharge tube is twice the cross sectional area of

the bore of the discharge tube. The exhaust tube then tapers

to a 2-inch-round-diameter cross section. This is for two

reasons. First the 2 inch diameter is the same inlet size as

the vacuum pump. The second reason is that as the lasing gas

medium leaves the discharge it is heating up to above room
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teaperature by the cokbined effects' of vibrational relagation,

and heat transfer with the walls, thereby expanding its t.

volume. The gas reaches room temperature approximately 4

inches above the LN, level in the trough as no freezing of

water vapor is seen after this point. In our experiments with

absorption cells, we noted that even-when ganging two vacuum

pumps together the flow is not doubled from the cell exhaust

since the flow rate is determined by the tube size (the

pressure at the pump is constant). Therefore, it is very

important that the gas exhaust construction is not the

parameter which determines the pressure inside the laser

discharge tube.

Ground tapered joints were used on all the fittings.

These seal well, require no o-rings, and can therefore be used

at colder temperatures allowing for closer proximity to the

LN2 . The electrodes are Torr-sealed into the male taper.

Part of this male taper for both anodes was a 1/4 in. inlet

for the inner purges, see Figure 7.6.The inner purge 1/4 in.

tube ends in a kovar seal. Swagelock 1/4 in 900 compression

fittings are used to join 1/4 in. nylon inlet lines. One

hidden aspect of the design is that inside the 1/4 in.

Swaqelock compression elbow a restrictor has been inserted to

boost the pressure in the inlet lines, see Figure 7.7. This was

done because we were having problems with the discharge arcing

to ground through these lines. By using the restrictor the

pressure in the lines was increased raising the resistivity to
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0.25 In KOVAR SEAL

FOR INTERNAL.'

"PURGES

24/40 GROUND SEAL

0.125 in

SEE NOTE" t
0.375 

in

NOTES- ELECTRODES ARE LOCATED 13 cM
FROM CENTERLINE OF LASER
DISCHARGE TUBE
ELECTRODE MATR 'L IS STAINLESS

MAKE 2 ELECTRODE HOLDERS AS
SHOWN MND ONE WITHOT3T .25
KOVAR SEAL

Figure 7.6: Male taper joint construction showing details
of the internal purge and electrode
arrangement
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prevent arcing back to ground.*

Other notes concerning the laser discharge tube are that

the tube is very heavy with 11 meters of cooling tube per

side. Tbe weight of these cooling tubes on the main tube

causes it to be very flexible. Meticulous care in handling

the tube is required. At no time should an arm be left

unsupported, and supports should be (as a minimum) in at least

three places; one near the exhaust and two at each end. The

flexibility of the tube is somewhat advantageous because it

allows for some thermal movement and (if the tube is

constructed with some small offset) straightening of the tube.

The glass blower will have a difficult time keeping the tube

straight- after installing the exhaust tube, thus some

flexibility leaves a little leeway for adjustment.

Laser Tube SupDort System

The support of the laser tube was unlike the earlier

laser design. In the previous design the laser tube was very

rigid due to its 2.5-cm diameter and heavy wall thickness and

was supporled only at the ends. Due to the small diameter and

wall thickness of the new tube and the weight of the cooling

"tubes this method was insufficient. End support alone could

not be relied upon to support the tube. It was decided to

hang the laser tube using stainless steel cables with glass

saddles. The glass saddles were no more than half arcs made

out of capillary tubes. The tube was then supported at three
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points as shown by the location of the laser discharge tube

trusses in Figure 7.2. As was mentioned, it is important that

the laser tube always be supported at least by throe points.

Three other saddles with support legs were constructed so that

the laser tube prior to hanging would be supported. The

cables were then, in turn, supported by three trusses that

were attached to the optical table. A very important detail

to the cable/hanging system is that each cable has a spring.

It was reasoned if the trough shifted a small amount etc.,

when filled with LN2 the cable could move without putting too

much strain on the tube. Indeed, when the trough was filled

with LN2 for the first time, the springs nearly contracted 6

mm (in the first trough arrangement the trough rested on

styrofoam and it was the styrofoam that thermally contracted),

see Figure 2. Spring tension was adjusted so the weight of

one's finger on the laser tube when it is self-supporting is

enough to cause further deflection in the spring. The force

due to buoyancy should also be considered when the laser

trough is filled with LN..

b

A stainless steel trough was cohstructed, see Figure 7.2.6,

18 Gauge stainless steel was used and bent in the local tin

shop. Removable aluminum reinforcements were used for it

rigidity and later for supporting the entire trough. This

trough is a weaker part of the design. A more rigid unit
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would have been preferred. originally, the design had the

unit sitting directly on styrofoam insulation which then

rested on the op*%.ical table. This worked well for awhile but

f or 'long term operation thermal cycling of the foam would

cause cracks leading to thermal instabilities. It was then

decided to do a quick fix and the arrangement of supporting

the trough vertically, as shown in Fig. 7.2, was chosen. The

ribs that were used for rigidity, 1/4 by 1/2 inch, were then

also used to support the trough. This worked, but the ribs

"deflect when the trough is filled to capacity with LN2 .

Thicker ribs would certainly fix this problem. The end plates

were sealed by using lead/tin soldering wire; i-inch spacing

was used foor the end plate bolts so that a good seal would

take place. It shoula be noted on assembly that a ;lockwise

then counterclockwise tightening pattern should be used. No

leaks have ever occu:red using this method of sealing and this

type of seal has considerably reduced the cost compared to

prior designs which used indium wire to seal the end

plates. A drain was also provided on the trough for removing

ta2. The drain consisted of a stainless steel braided hose for

cryogenic use and was merely raised higher than the LN2 level

during operation. The boil-off from this hose was used for

external purges.

Bellows constructed of brass by Robertshaw were used pco

seal the laser discharge tube to the end plates. Teflon tape

wrapped around the tube was then squeezed between the bellows
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CLEARANCE FOR 4

10-32 CAPSOCKET
1BOLT, USE S.S

10-32 BOLTS

MAKE SLOT FOR

64-- PRYING PLATES

ENDSEA APARTX 2&
SYMMEETRIC

6x '10-32 THREAD

NOTES BOLT HOLE PATTERN IS EQUALLY SPACED
ABOUT CENTER
BRASS MATR'L FOR PLATES
ALL DIMENSIONS IN INCHES UNLESS
OTHERWISE NOTED
MAKE TEFLON WASHER FOR ENDSEAL
1 3/8 x 1 x 1/16 TH'K
BELLOWS; SERVOMETER CORP.
(201) 785-4360 PART ST-100
MUST BE SOLDERED ACCORDING TO
MANUFACTURES SPECIFICATIONS.
PLATES SHOULD BE CUSTLZ BUILT
FOR BILLOW TOLERANCES.

Figure 7.8: Cryogenic bellows end seal for connecting
laser dischp .ge tube to trough
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'end plates to form a leak proof seal, see Figure 7.8. This was

also a change from indium wire and has performed superbly.

Sealing between the bellows assembly and the end of the trough

was accomplished by a teflon washer. This assembly performed

flawlessly until the brass bellows developed microstructure

cracks and leaked LN,. Black oil was then sprayed into the

bellows assembly and has since performed well. Cryogenic

bellows were located and ordered but have not been tried.

Further improvements to the laser should use these cryogenic

type bellows.

Type 306 stainless steel was used for the electrode

material with excellent results. (It was felt that nickel

electrodes were unnecessary.) The design we used is a

threaded type as shown in Figure 7.6. When necessary an

occasional cleanup with a piece of crocus paper resulted in

like-new electrodes. The threaded assembly allows for easy

resoval; a necessity when cleaning the electrodes so that

cracks would not develop in the torr-seal used to seal the

electrode lead in the glass electrode holder. The electrodes

were torr sealed so that the end of the electrode tips were

located 13 cm from the centerline of the laser discharge tube.
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Power SUDDlV

A Universal Voltronics, Model BAL-70-225-OS, high voltage

power supply with a saturable reactor current limiter is

currently being used to operate this laser. The unit is

capable of 0-70 kVDC with a 0-225 mADC output current, which

is, of course, of far greater power than needed for the

present requirement. The supply current is divided equally

between the two discharge arms of the laser. Because of the

active medium's negative dynamic resistance, a 500 kohm

ballast resistor is in series with each arm (39]. The current

is supplied by a cathode on each arm and collected by a common

anode at the gas exhaust. Reported current and voltages in

the tables are the power supply readings and the physical

efficiency is calculated from equation 1.1 which has been

simplified to:

nphys- WRad (2.1.)
SVI- 2R

2

whiere:

V - Supply voltage

I - Supply current

R - Ballast resistor value for one arm, 500 kOhm

W,,Od Laser output power

All metallic pieces on the laser are grounded, except the

kovar seal with brass compression fittings for the internal
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purges located on the --cathode wale' glass- joint in Figure 7.6.

Plexiglass boxes were constructed to prevent accidental
4

contact with these pieces as well as with- the wire connections

to the electrode holder.

A specially built grating by Zeiss was used in our laser

to maximize performance in the 5200 rnm region. A 28x28x10 mm

size grating with a 25x25 am ruled steel, gold-plated surface

was chosen. Selection of the blaze angle was based on

information supplied by the manufacturer and the article by

Loewen et al [40]. Since the groove density is limited by the

angle at which the first order is reflected (actually it is

limited by the wavelength), a 290 grooves/mm line density was

chosen (See Appendix C). This was a compromise between the

lower cost associated with a smaller size grating and

manufacturing tolerances on the blaze angle. Once the groove

density was selected the blaze angle was chosen as 48.500.

The grating is mounted in a holder that is a copy of a

University of Bonn design' and mounted to an Oriel 13031
Srotation stage with 1.8 arc second sensitivity (25]. The

holder allows for tilt in two planes, giving the entire

grating and rotation stage three degrees of angular

adjustment.

The TEM, mode was chosen for operation and design of the

resonator. Intracavity irises used between the Brewster
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windows and"the, mirrors help promote this -mode. by. attenuating

other modes. The output coupler/grating arrangement is of a 'ii

half-symmetric resonator, Figure 7.9. The common hemispherical

arrangement as shown in Figure 7.10vas not chosen for the

resonator because; 1) grating inability to separate

adjacent rotational transitions, and 2) the waist of the beam

must cover a certain distance since the resolving power of

grating is directly proportional to the width of the incoming

beam. For a 2-meter cavity with a 19-mm bore the grating is

able to separate wavelengths with a difference of

approximately 40 nm, see Appendix D. The P branch vibrational-

rotational transitions that occur in a CO vibrational band

component are roughly spaced by 10 nm. The high angular

sensitivity of the half-symmetric resonator is useful for

rejecting the other close transitions. Other advantages of the

half-symmetric resonator are: 1) the TEM. mode fills the laser

cavity more than the hemispherical resonator, and 2) the TEM 0

mode fills the grating surface. For a 2-m half-symmetric

resonator with a 10-m radius of curvature for the output

coupler and a flat grating, a TEM, waist size of 2.57 mm

occurs at the grating surface, see Appendix E. The width

required to collect 99% of the Gaussian beam can be shown to *

be r.w0. The width needed to eliminate diffraction effects

needs to be at least 4.6.-W., where W. is the TEMOQ beam waist
A 4

(41]. With these limits the optics were selected for the laser

cavity. The optimum curvature for this laser is a 25 m
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Table 7.3. Parameters for selecting optimum output coupler

, g w0. w2. MM gvol minimum Comment

output waist waist /pi/L laser
coupler at at tube

grating output =T1 dia.,mn
<3.48um coupler MOde

- 3.69m volume

5 0.6 2.016 2.602 1.332 11.96

10 0.8 2.57 2.88 1.856 13.24 best,
"15 rm
tube

20 0.9 3.156 3.326 2.625 15.29
i - -

" 25 0.92 3.355 3.497 2.934 16.08 best,
"19 Vn,
tube

30 0.933 3.524 3.643 3.210 16.746 W,>3.478
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curvature, seeTable 7.3.We did not select this radius because

originally the laser was designed for a 15-mu inside diameter

and the 10-a optic had already been ordered for this diameter.

This turned out to be fortunate, because great care is needed

in aligning this system. Our Oriel model 14501 gimbal mount

used for the output coupler is rated ato.o05 sensitivity and

is barely adequate for this optical arrangement, see Appendix

D.

The typical Littrow configuration, as shown in Figure 11,

was not used for this optical set-up since losses from the

grating were not exactly known until after being manufactured.

Instead, a novel arrangement, as shown inFigure 7.12,was used

to reflect back the grating's losses from zeroth order. This

arrangement will be referred to as the "semi-Littrow"

reflector or arrangement. The original design of the optics

did not include this setup and it was added only after

experimental measurements indicated that high losses were

occurring in zeroth order. Another Oriel gimbal mount was used

with a 10-a curved silver first surface total reflector for

10.6 it. This mirror, placed 16.5 cm from the center of the

grating, reflected back zeroth order losses. It is assumed

that the losses occurring on zeroth order are due to S b

polarization. Although a S and P efficiency curve was not

supplied with the grating, it can be assumed that since the
J4

grating was designed for high reflectivity at 5 A that it

would be similar to Figure 7.13. Therefore, when the semi-
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Littrov is being used the laser beam is no --longer polarized,

and the cavity consists of two resonators; one for the S

polarization and one for the P polarization.

The output coupler is a zinc selenide with a multi-layer

dielectric coating made by Laser Optics. Reflectivity-

transmitting has been optimized from 4.9 to 5.3 14 to give 80%

reflectivity. The percent output was chosen based on the

output couplers used by Kan and Whitney. They reported good

performance with a 35% output coupler as well as a 20% output

coupler. To be conservative a 20% output coupler was chosen

for this laser.

The optics are mounted to a Newport Research Series

10x4xl ft table. This table is mounted on NN series non-

isolating support legs. To keep the optical table insulated

from the LN2-filled trough, 1.5-inch-thick styrofoam was used

to build a box around the trough. A 1/4-inch rubber mat was

placed beneath the trough to keep cold gas from cooling the

table surface. During operation oxygen may freeze out on the

trough and drip onto the styrofoam. After many cycle; the

stofoa cracks and the liquid oxygen drips on the rubber.

For this reason aluminum trays were used to catch the liquid

oxygen. A fan blows room air under the trough and keeps the ',

trays warm.
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JIWBrewster Windows

CaF2 windows placed at a Brewster angle of 35.5 as shown

*in Figure 7. 14, are used to insure low losses for the S

polarization at 5214 nu. The initial design of the optics did

not take into account P polarization but from Figure 7.15 it can

be seen that the losses are not that great.

UV grade CaF2 windows were not used because prior

experience has never indicated a need for these more expensive

optics. With the operation of this laser, at the conditions

which will be discussed later, we have noted a degradation due

to UV radiation. For this reason UV grade should be specified

if copying this laser design or for replacements.

Brewster window holders were made of nylon. Double

o-rings were used to seal the nylon Brewster window holder to

the laser discharge tube. A single o-ring is used to seal the

CaF2 Brewster window holder. A flat was machined on the outer

nylon surface to facilitate optical alignment. A machinist's

level against this surface allows for excellent alignment for

S and P polarization; a requirement for best performance with

the grating.

Bolts with a-rings are used to retain the CaF. window

when running in the vertical position. A four hole pattern is

shown but only two are really necessary to keep the CaF2

Brewster window from falling when the pump is turned off.

Four retaining bolts should not be used in case the gas

pressure inside the laser tube should exceed atmospheric
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Figure 7.15: Fractional losses from incident S and PplanesX=5200 rim, on a CaF2 window (n1=1,
n2=3.975) as a function of Brewster angle
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conditions.

Gas Handlina and Pressure Xeasureaent

The gas handling system is as shown in Figure 7.16. The

rotometers are listed in Appendix F with calibration curves.

A Leybold Heraeus SV280 vacuum pump rated at 198 cubic

feet per minute is used. A 2-inch butterfly valve modified

with a 2-foot handle is used to throttle the laser exhaust

gases. This valve is difficult to control but very

inexpensive and for one-tim. adjustments is very suitable. An

ozone trap and high flow filter was built for the vacuum pump.

Steel wool converts ozone to rust and a Fram 322 filter traps

any fine particles. The box is sealed with a rubber gasket.

Vacuum lines consist of PCV 2-inch schedule 40. Joints are

PCV plastic and epoxy glued. This worked very well for our

application. Two-inch. couplings were used in the necessary

places. Vibration isolation and flexibility between the glass

tube and PCV was obtained using rubber tubing. This tubing

would collapse under vacuum and reinforcing rings were made

and fitted inside. A glass lip on the exhaust prevents

slippage of the rubber tubing from the vacuum. Pressure

measurements from the laser discharge tube were taken off the

exhaust tube male connector as shown in Figure 7.17. It is

assumed that the flow is not choked and the pressure as in the •.

exhaust is the same pressure in the discharge tube.
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7.3. OPERATION

Broad-Band MPerforUan

The laser was designed to lase with high power and good

stability on the v=8-7 P(11) transition and to date only a few

hours were spent checking the performance of the laser

operating in a broad-band, or multiline mode. The optical

setup for these runs was with the 10-m radius 80% output

coupler with a flat silver first surface reflector made by II-

VI Corp. The total reflector was optimized for the 10.6-micron

region and was mounted in another Oriel gimbal mount at the

location of the grating shown in Figure 7.12.Unfortunately, at

this time the gas delivery system was not as indicated in

Figure 7.16. The recorded measurements in Tables 7.4 and 7.5 were

inferred from the recorded partial pressures and the measured

CO mass flow rate.

Figure 7.18 shows a spectrum of the output during

operation of the laser at the recorded partial pressures

listed inTable 7.4.The v#2-1 P(12) transition is seen to be

lasing even with a high percent output coupler. Total power
*4

was 12.5 watts ana it was estimated that at least 0.821 Watt

was on this line. Prior to this lasing the laser was also
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Table 7.4: Broad-baiid lasing conditions for

0.8 W on the (2-1) P(12) transition

to: 10-26-1992

Gas Partial mass flow rate
pressure (103 glumi)

____ (Torr) _ _ _ _

me2.76 35.0
internal

2.75 143

e.CO:N2:Air Molar ratio
'729 :99:171:1

Discharge Conditions
Crrent mADC 20

Voltage )CVDC 9.5

Lser Power 12.5
Broad Band W___ _____

Physical 13.9%
Efficiency_________
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Table 7.5: 92 W Broad-band -lasing conditions

Date: 10-26-1992

Gs Partial" mass flow rate
Pressure (103 g/min)
(Torr)

He 4.15 18.9
internal
purge _____

Be 9.00 75.5
2.7S 138

_O _ 1.60 6.61

r 0.01 0.89

Total 17.5 239

He:CO:N, molar ratio 751:92:157
Discharge Conditions

Current mADC 45
Voltage kVDC 18
Laser Power 92
Broad Band W

Physical 30.3%
Efficiency
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checked for high power. No scan was made -or the high power

run and the partial pressures and discharge conditions are

reported in Table 7.5. The measured power was 92 watts at a

30.3% physical efficiency. No further runs were made since we

were operating with a new output coupler and did not want to

damage it from high energy loading without any edge cooling.

A comparison of mass flow rates between this run and the 35%

output coupler-ig/sec power curve of Kan and Whitney (Figure

7.19) estimates this laser is using 2 orders less mass flow.

This indicates the laser is capable of much higher power since

the 92 watt conditions had the pump considerably throttled and

output was with a 20% rather than higher output coupler.

Single Line Operation on the v-8-7 P(II- Transition

Much has been learned by operating this laser on the

v-8-7 P(11), 1-5214 nm line. Most operational problems

encountered running the laser can be pinpointed to the optics.

The biggest problem has been amplitude stability on the v-8-7

P(ll) line. This instability has been caused by thermal

contraction of acts in the optical bench.

The present setup has evolved from a trough that used to

sit directly on 2 inches of styrofoam. With that setup the

trough was put under pretension by inverted trusses. Even

though the trough was pre-loaded in this manner, once the

trough was filled with LN2 it sank approximately 2-3 mm. After

a week or more it stabilized around 3 mm. At this point in
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time -stability was excellent. The laser was run for at least

3 hours a day with a *84 power deviation. After a month or

'K more the styrofoam box started-developing cracks from contact

with liquid oxygen. Liquid oxygen would condense on the cooled

stainless steel trough walls from air gaps around the

styrofoam box and then drip onto the styrofoam causing the

cracks. This caused the optical table to be thermally

unstable.

The present setup, shown in Fig 7.2, has been evolved to

resolve these problems. With this setup, even though there

are cracks in the styrofoam, the optical table has remained

thermally stable. As was mentioned earlier the supporting ribs

for the trough are also now being used to support it. The ribs

were not designed for this and some deflection occurs. The

level of LN2 is maintained during operation at about 3-4 cm,

above the electrodes. This level is sufficient for cooling and

keeps the deflection to a minimum.

Other problems have been with power attenuation of the

laser line by absorption of atmospheric H20, see Table 7. 1.

Ex ternal purges were made out of plastic for the optical path

between the Brewster windows and the optics and flushed with

dry N2 from a bottled supply. When the room humidity level is

high, the line will not even turn on without these external

* purges. Care must be taken that the external purge system does

not put any load on the optical system when thermally

contracting, thereby causing misalignment. The setup that is
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now being used is shown in Figure 7.20.

The gas and discharge conditions used to optimize power

on the v=4-7 P(lI) transition are listed in Tables 7.6 and 7.7.

Power has been as high as 8 watts without the semi-Littrow

arrangement and 15 watts with it. Fig 7.21 shows stability of

the laser with the semi-Littrow arrangement and without it for

the conditions of Table 7.7. Fig. 7.22 is a typical spectrum of

the laser with and without the semi-Littrow for the lasing

conditions of Table 7.6. The lines adjacent to the 5214 line

v-8-7 P(11) are from the v-9-8 band and are lasing from zeroth

order due to the high gain. These transitions are not present

when operating without the semi-Littrow reflector. Even though

not shown the scans taken with the semi-Littrow are scanned

over a wide spectral range, from 4.1 to 5.4 g to make sure no

other lines are lasing. Scans taken without the semi-Littrow

are from 5.15 to 5.8 A.

Typical single line mode shapes are shown in Figure 7.23.

These were obtained by holding a paper in the beam for a short

time. One can see that the modes for good power >6 w are

zultimode. To date good power has not been achieved unless it

has been aultinode.
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Table 7.6: 15 W Single line lasing conditions
for the (8-7) P(11) transition

[gt:3-29-1993

Gas Partial miass flow rate
Pressure (103 g/min)

____ (Torr) _ _ _ _

He 4.80 95.7
internal
purge ________

He 2.33 51.3

N. 2.22 267.9

CO 0.92 141.7

Air 0.08 11.87

Total 10.35 568

"He:CO:N.:Air 689:89:214:8
molar ratio

Discharge Conditions

Current Peu 30

oltage kVDC 15

Laser Power W 8.5

ingle Lie Semi-Lit trow
____ ____ ____ ____15.5

Poysical 3.780
E~fficiency

I Semi-Littrow
eSingle Line 6.89%
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Table 7.7: 10 W Single line lasing conditions
for the (8-7) P(11) transition

Date: 5-16-199

Gas Partial mass flow rate
Pressure (103 g/mrin)

____ (Torr) _ _ _ _

He 3.92 154
2.56 341

_______ 1.09 193

Ital 7.57 688

tHe:CO:N, 518:143:339
Lmo lar ratio
Discharge Conditions

Current mADC 30
Voltage kVDC 15
Laser Power W 6.3

Single Line Semi-Littrow
____ ___ ____ ___10.0

Physical 2.80%
Efficiency

8mmi-Littrow
Single Line 4.44%
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Wihout Seni-Litow a=
Combination of TE1M, and TEM,.
8.9 Watts, 21 Feb. 1993.

With Semi-Littrow return.
Two separate resonators,
S-plane is multimode and P-plane
is in the T(.0,21 Feb. 1993.

With Semi-LiUrow retrn, adjusted
to output coupler, 13.8 Watts,
21 Feb 1993.

A

WVIthout Semi-Uttrow return
"Donut" mode is a combination
"of the "EMO.4 and TEM•.
7.2 Watts, 14 Feb. 1993.

Figure 7.23: Typical single line mode shapes with and

without semi-Littrow zeroth order return
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7.4. DAILY OPERATING PROCEDURES

LeaX Testing

As with the design of the laser, our lab procedure for

running it has evolved over the course of this development

project. It is essential to check the leak rate of the laser

before running. Satisfactory leak rates for the entire system

are Sl.4 torr/hr: for the laser tube itself, sl.0

torr/hr.

It was noticed if any leak existed, giving rates higher

than this, the pump down pressure before startup was sensitive

enough to detect any leaks that would cause poor lasing

performance. If the pump down pressure is not indicating a

good vacuum, helium is added and the discharge is struck

without any cooling. The discharge will appear whitish-purple

in all regions of the laser tube if the leak rate is

acceptable. If there is any sign of an orange discharge, this

indicates air is getting into the system. For example, if

only the output coupler arm has an orangish discharge from the

cathode to the output coupler electrode, then the leak is from

1) the tapered joint or internal purge on this side, 2) a

combination of this and a leak coming from the output coupler

arm gas inlet, or 3) a combination of 1 and 2 with the
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Brewster window assembly also leaking. The possible leak
'4

locations can be systematically and easily checked by using

rubber stoppers to plug the end of the laser tube and the arm
U

inlet. Such rubber stoppers can be used even for the 1/4-inch

kovar seals. In the event the leak is coming from the taper

seal it will be evident by examining the tapered joint for a

channel forming in the vacuum grease. Suspect glass joints

made on this tube. These can be examined by spraying liquid

acetone onto the joint. Once the acetone enters the discharge

from this leak a bright beautiful purple discharge will occur.

Laser Operation

After the vacuum pump has been turned on and the laser

tube has been checked for leaks the N2 is turned on for the

external purges. This keeps frost from forming on windows when

the trough is being filled with LN2. The helium discharge is

left on with a low current setting as the trough is filled.

The discharge allows one to see the level of the LN2 to

prevent overfilling of the trough.

The Ni is added, followed by the CO and finally, the air.

The current is increased as each gas is added to prevent

extinguishing t"-e discharge. Usually, if the discharge is

quenched, there isn't any trouble restriking the discharge

with all the gases in the laser tube. The current is usually

set at 5 20 mAmps (the voltage should be = 11 kV) for
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S alignment of the optics for the v-8-7 P(ll) line. It is found

that if the current\voltage conditions exceed the above

¾ values, there is a possibility the line will not lasc. This

is caused by too little Oz in the active medium. By using an

initially low current setting the CO is being prevented from

dissociating. Once lasing action occurs the 02 can be

optimized for higher currents.

The color of the discharge can be used as a diagnostic

since it is an indication of the current\voltage conditions.

The proper color is a dull -CO blue" in the arms and a bright

"orangish-pink" in the internal purge area. If the discharge

does not appear as such the line may not even lase. Improper

conditions are a "bluish-white" in the arms and "purplish-

white or "pinkish-white" in the cathode electrode internal

purge area. A discussion of the possible cause for this is

found in Recommendations and Conclusions.

Adjustment of the Laser Optics

Prior to startup the optics and irises are aligned with

two BeN@ lasers. The CaF? windows are 5 n thick so they

, should be in place when aligning the optics and irises to the

bore of the laser tube. The first HeNe laser is set up behind

the grating and is used as a reference for all the optics.

This HeNe laser is a permanent part of the optical arrangement

and has a cage built around it to protect it from

misalignment. The second HeNe laser is temporarily positioned
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in front of the output coupler.
'4

The grating setup is located on the optical table so that

when turned to a position parallel to the axis of the laser

tube the Helle bean just grazes the face of the grating. The

output coupler mount is also centered using this HeNe beam.

The grating is tuned so that when aligned, the different

orders of the HeRe coming from the output coupler are in

alignment with the irises. Orders around the B-50 degree

position (Littrow configuration, see Appendix C and Figure 7. 3;

should be especially well aligned since this is the region for

the first order for 1-5124 nm. The output coupler is aligned

by using the HleN laser located behind the grating. The

reflections should align themselves on top of each other. If

patterns such as those shown in Figure 7.24 are seen, they

indicate that the laser or the mirrors are not exactly

aligned. These are standing wave patterns and are indicative

of a beam coming into a stable resonator at an angle.

A 1/3-m Spex spectrometer is used to detect the laser

bean as well as emission from our experimental optical cell.

Figure 7.25 shows the optical path layout. The HeRe is used to

align the optics and to calibrate the Spex spectroneter.

The easiest way to tune the optics for the v-8-7 P(ll) '.

line is to first align the output coupler and grating in

zeroth order. This ensures, when the grating is tuned to the ..

single line position, at least one of the two output coupler

orientations is well aligned. These two orientations can be
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S defined as the vertical and horizontal directions based on the

output coupler face's normal vector. If the normal vector is

aligned so that it is parallel with the optical table, it is

the horizontal direction, and if aligned so that it points

straight down the laser tube, it is the vertical direction.

By aligning in the zeroth order, the vertical direction will

be well aligned for the output coupler.

The spectrometer is then set to 5214 nm and the laser

grating is turned until power is detected at this wavelength.

The iris on the output coupler side is then closed down and

the grating is tuned so that maximum power is seen.

Fine alignment of the output coupler and grating is not

as easy with the half-symmetric resonator as with the

hemispherical arrangement. Possible fine misalignments of the

optics after the preliminary HeNe alignment are shown in

Figure 7.25. With the laser discharge operating, some low cw

power should be observed. The optics are then tuned to

another position. If the power increases compared to the

initial setting, the procedure is repeated until the power

start to decrease again and the direction of alignment is

reversed.

When the laser has good power the laser line is scanned.

It should appear as in Figure 7.22. If more than one line is

seen to be lasing, as seen in Figure 7.27,the grating and

output coupler are not properly aligned. This laser scan

indicates in which direction to rotate the grating to turn off
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these other lines;

Once the output coupler and grating have been aligned the

4• seai-Littrow configuration is set up. This setup is not very

precise and takes great care. The alignment procedure is to

first align the horizontal direction (defined previously) of

the se•i-Littrow reflector by setting the reflector anywhere

on the optical table and reflecting back a second HeNe

alignment 1.ser beam. The location of the reflector is then

found by running the laser and marking the position of zeroth

order losses.

Location of semi-Littrow reflector gimbal mount can now

be accomplished by placing it where an iris marks the zeroth

order losses. The difficulty with adjusting the present total

reflector is that it has a 10-m curvature; a flat would be

more effective. With the present total reflector, one can see

as the semi-Littrow is adjusted the power at first is very

high and then drops. There is a direct coupling between the

losses on the grating due to the P-plane and the S-plane

polarization. The equilibrium situation is a resonator that is

based on the two 10 a curvature mirrors. It is, therefore, very

difficult to tune this setup and some practice is required. Do

not move the grating once the laser is already lasing on the

5214 line. This only misaligns the output coupler/grating

optical resonator and it is better to only tune the semi-

Littrow return.
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Final Notes and Observations on the Ootics

Never try to tune the laser with the irises fully open.

There is a possibility that the laser beam will be skewed with

respect to the laser tube. This has happened and results in

burning of the Brewster window holder.

In addition, losses from reflections off the Brewster

window caused by the P-plane when lasing with the semi-Littrow

configuration have caused burning of the Brewster window

holder in the location indicated in Figure 7.28. For these

reasons aluminum foil shaped as cylinders has been inserted

into the Brewster window holders to protect the nylon. This

has worked quite well.

As is typical with dielectric-coated ZnSe optics, in

aligning the output coupler with the HeNe there are two

reflections, one off the curved surface and the second off the

flat (outer) surface. This was at first ignored, since the

dielectric coating is supposed to be the surface that is

reflecting in the 5-i region. It was proposed that the second

surface was actually reflecting some of incident laser

radiation.

To test this idea, the reflector was put in backwards.

The dielectric coated concave surface would now be seen as a

convex surface by the laser beam, and this would be an

unstable resonator. The only surface that could lase would be

the flat surface. The laser did lase and the power recorded

almost corresponded to the ratio of the intensities that were
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seen with the HeNe beam.

Further Comments on Laser Oueration

The external purges should never be run on helium. Helium

leaks through the Brewster window a-ring seal and if the

discharge conditions are right, it will arc to ground through

this path.

The lasing conditions that have been listed are the

optimized discharge and gas conditions that we have found. A

more detailed parametric investigation will probably give a

more optimum gas condition for lasing on the v-7-8 P(11) line.

Instead of adding air (for the oxygen) pure oxygen was

tried. There was no difference in single line lasing

performance. The partial pressure of water vapor in the air

was either insignificant or the water froze out on the cooling

tube wall. The latter is probably more plausible since the

operating mass flow rate conditions are very small compared to

the designed mass flow rate of the cooling tube. The amount of

time the gas remains in the cooling tube is probably enough to

remove all the water.

Some air is added to the internal purges and this added

air keeps the electrodes very clean. The electrodes have not

required cleaning since doing this. It is important not to add

too much air to the gas conditions. Too much air is hard to-s

detect from power measurements and a very fine metering valve

is required. ozone will freeze out on the laser walls,
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especially around the cathodes. Solid ozone in the glass laser

tube can be easily detected, as it is dark purple and readily

A visible. If solid ozone has formed, the laser can still be run

but it is important not to restrike the discharge or turn the

vacuum pump off. Our practice is to always leave the vacuum

pump on until the laser tube has come to room temperature. If

this is not done there is a great risk (which our group has

experienced) that when the ozone evaporates it will blow the

laser tube up.

Long Term Laser Operation

As was mentioned earlier, color spots on the CaF2 windows

have been observed which can only be from UV. When the laser

is running, if the lights are turned off fluoresce can be seen

from the Brewster windows. It is possible that the UV damage

is from long term running of the laser under the discharge

conditions for lasing on the v=8-7 P(11) line.

The output coupler has also been checked after lasing

performance decreased inexplicably. The coating has changed

color in the area of the bore of the discharge indicating

possible degradation in the infrared. This discoloration is

probably due to laser infrared flux damage or perhaps UV.

After long term usage carbon and other deposits form on
bf

the walls of the laser discharge tube. Cleaning for about 2

hours with approximately 5.5 torr of air and with discharge

conditions-of =10 kVDC and =20 mADC, at room temperature,
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cleans off some of the deposits. Using acetone to clean the

tube works best, however, the optics have to be removed for

this procedure so it is rarely done.

4
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7.5. SINGLE LINE OPERATION TO PUMP NO-AR GAS MIXTURES

In current experiments being performed by our group,

resonance absorption of the v8--7 P(l1), 1-5214 nm transition

is used to vibrationally excite NO in an optical cell with a

flowing gas mixture of NO-Ar. The v-8-7 P(11) line has very

close resonance with the NO line v-O-1 1/2R(12.5) with an

energy displacement of only 6.10,3 cm*' from the mean of the NO

A-doublet (split by w.01 ca"). The laser line lies within the

Doppler width of the lower frequency A-component (43].

The experimental setup used is shown in Figure 7.25.

Fluorescence, in the infrared and in the ultraviolet, is

detected under steady-state pumping conditions. From

quantitative analysis of the IR overtone spectrum, Av=2 (see

Figure 7.29) the experimental vibrational distribution function

of the ground state up to level v-15 is inferred (see Figure

7.30). 1.. is shown that the mechanism of vibrational excitation

is anharmonic vibration-vibration pumping and in particular

* the higher vibrational levels vZ8 are populated by near

resonant vibration to vibration exchange processes. A detailed

discussion of the pumping process in NO will not be discussed

here, and the reader is referred to references C31,43,44].
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"%4 The observed-NO molecules in the electronically excited

AMZ and the BI2I states are shown in the visible/uv spectrum

of Figure 7.3LIt is sut..Igested that these states are produced

by both resonant vibrational-electronic energy transfer

processes and in energy pooling rea;..tions.

Current experiments that our group are conducting with

NO-Ar gas mixtures are state/time-resolved infrared

measurements. From these measurements we are hoping to infer

the NO V-T and V-V rates for low v's, v:lo-15.
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7.6. CONCLUSION AND RECONNENDATIONS

A Fast-Axial-Flow Electric Discharge CO laser has been

constructed to lase cw on the v-8-.7 P(11), 1.5214 nm

transition. -By resonant absorption on this line a NO-Ar

mixture has been optically pumped and the vibration

distribution function inferred from the second overtone

emission.

Highest power achieved for the v=8-7 P(11) transition has

been 15.5 watts using a semi-Littrow arrangement to return P--

plane losses from a highly efficient S-plane grating. Physical

efficiency with this single line operation has reached 6.9%

and higher efficiencies can be obtained on stronger

transitions. Compared to other EDLs of this type, which give

single line power of 1-4 watts/meter on the strongest

transitions, this laser gives more than 10 watts/meter on the

vrs-i7 P(11) transition E21]. Higher powers can probably be

achieved if an optimized output coupler and different gas

conditions are used.

operation of the laser shows that the single line

stability is at least ±8t over a 3-hour period and has

excellent short-time cw performance with or without the sesi-
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Littrow zeroth order return, see Figure 7.21.

A parametric study of lasing performance with different

gas discharge conditions has not been done. The limited

studies made of* operating the laser under all line cw

conditions indicate that with a low percentage output coupler

the v-1-0 can be made to lase, since the vm2-1 was lasing with

0.8 W and a 20% output coupler. The laser was also shown to

operate at higher powers and 92 watts all line cw has been

achieved at a 30% physical efficiency, low-gas-flow, high-

throttling condition. It should also be mentioned for these

conditions the upper limit for the gas velocity in the

discharge tube at 120 K was determined to be not more than 1.3

=/s and more likely 0.35 m/s.This indicates that the laser is

operating in the diffusion mode and represents a significant

gain for this regime. The most likely reason for this

improvement is the exhaust design which prevents a choking

condition.

Long term operation has shown that the biggest problem

has been with thermal instability. This problem is solved by

proely insulating the optical table from the laser LNz

troug. Another long term operation problem has been a slow

shift in the optimum operating conditions. Part of this ',

problem has been from a drop in the air flow due to the

metering valve which has become clogged by dust particles over

a period of time. Symptoms of this problems have been CO

dissociation leading to poor lasing and is seen when the
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discharge turns "whitish" (45,46,47). Another part

of the problem is the output coupler specifications degrading

with time. This can be best explained by noticing that the

discharge conditions have shifted to higher currents and a

lower voltage, characteristic of the optogalvanic effect [48].

Although small, this can be corrected by a new output coupler.

Suggestions for improving the current laser design are to

change the output coupler curvature and increase to a =35%

output coupler. Table 7.2 indicates that an output coupler,

with a 25 m of curvature for the optical resonator, would fill

the grating more resulting in higher resolving power, and the

mode volume would increase by 36%. In such an output

coupler, the substrate should also be biconcave because the

beam is diverging at the output coupler with the half-symetric

resonator. This optic would require higher precision gimbal

mounts than those currently being used. The "semi-Littrow"

arrangement can also be improved by using a flat total

reflector and either a true Littrow setup (Figure 7.11)or a

seai-Littrow arrangement with a better gimbal mount. Current

optical alignment uses no active feedback which is probably

not needed since stability has been good without it. The

Brewster angle which is set for no losses on the S-plane

should be changed to 90 degrees. Fig. 7.15 shows that at 35.5

degrees overall efficiency is less for both S and P-plane than

at 90 degrees, therefore, for the semi-Littrow configuration
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which uses both S and P-plane a Brewster angle of 90 degrees

would be better.

In alternative design for' the laser tube is shown in

Figure 7.32. The double jacket and cooling tube arrangement
would allow for uniform thermal expansion. With this type of

cooling, for the gases, the laser would not be as heavy and

would require less support than the present design. Sonic

injectors should also be used. Even more importantly, the

vacuum arrangement would eliminate all thermal instabilities

experienced with the optical table.

The last recmmtendation is a different gas handling

system. Mass flow controllers are rather expensWive and not

really needed for one time adjustments. The present setup has

good adjustability, but is still too sensitive to regulator

pressure. critical flow orif icing should be used instead, such

as the type produced by Host Systems. This type includes pre-

manufactured vacuum tested mixing manifolds and the orifices

are actually calibrated valves which can be changed depending

an the size of flow and allow for controlled gas flow rate

adjustment. This would save a lot of time in setting up the

laser and would give accurate and repeatable mass flow rates.

2-5
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APPENDIX A

SIZING OF VACUUM PUMP AND LASER DISCHARGE TUBE DIAMETER

The sizing of the vacuum pump and the discharge tube

diameter are based on the mass flow rates reported by Kan

and Whitney. The largest pump available to the program is

rated at 198 ft"/min (5.61 mr/min). The calculations use

this as the limiting volumetric flow rate.

From Kan and Whitney:

Reported gas mixture ratio of He:CO:Nj=950:36:14.

Bore diameter of laser discharge tube=2.Scm.

Mean flow rate 120 m/sec in each arm (2 arm discharge) at a

mass flow rate of 2 g/sec and 27 Torr (3-99.7 Pa).

MWA = Molecular weight average g/mole

V = Volumetric flow rate, mi/sec

. P = Pressure, Pa

R = Ideal gas constant, 8.314 N*m/mole/K

T = Teowerature, K
n = moles/sec

m = mass flow rate g/sec:
'4

MWA=.95x 4= 2e)+.O5x28;.(COor N2 )5.2-L- (A..1)
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V = 2arnsx<12O.l)Q s )=.178 (A.2)

so:

"J=2 " =.384mole/sec (A.3) a'

and from ideal gas law:

PV=nRT (A.4)

(3599.7 Pa)(.1178 A) _ (.3,40,-)(9.31

T= 132 K; this seems reasonable for the discharge gas

temperature. Now assume that the gas relaxes to 270 K and

using ideal gas law V at the pump will be .239 mQ/sec(=507.4

f t 3/min).

This volumetric flow rate can be decreased by going to

a smaller tube diameter. The discharge tube diameter

required for the same mass flow rate for a 198 ftl'min pump

will be:

bore diameter = 25 1 = 15.6 mm (A.5)
[( S7.4 ftft

The closest standard tubing size to this value is 15-mm

tubing. This tubing size was unavailable at the time of

construction and 19-am tubing was substituted. Ideally, a 15-

nau bore diameter should be used because the optics were '

chosen so that the TEM., fills the laser volume, see Appendix

E, and this would have given a higher mass flow rate.

With this size diameter and using the ideal gas equation,

with an assumed temperature of 130 K, the mass flow rate for
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the 198 ft would be 1.6 g/sec. This 
value falls between the

two curves of Figure 7. 31ancd this laser should be able to.

deliver at least 250 watts.
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1k APPENDIX B

DESIGN OF LASER DISCHARGE COOLING TUBES

The design of the laser discharge cooling tubes are

based off Kan and Whitney's best lasing conditions. The

relevant data has already been listed in Appendix A but will

be repeated here. The calculation will only be an estimate

of the tube length neccessary for adaquete cooling.

All data for this heat transfer calculation is taken

from reference [49]. Assuming a constant temperature surface

condition at the cooling wall the tube length can be found

from:

1n - (P•,) (B.l)

where:

T. = liquid nitrogen temperature 77 K

T,.o(x) = mean temperature at exit, taken as 78 K

T~,,= mean temperature at the entrance, 300 K

P - surface perimeter; pi'diameter for a round cooling tube

(tube diameter that will be used iso.005 meters i.d. and

0.007 o.d.)

c,= specific heat, taken for this case as an ideal gas

from Appendix A the molar ratio of the gases in the

discharge tube are He:CO:N2 = 0.95:0.036:0.014 therefore;
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CP a +.5f.,31-&". (B 2-)• .

or from equation A.1

Wsh K SiS SK

m a mass flow rate, taken as 2 g/sec

x a length of cooling tube

U a overall heat transfer coefficient defined as:

1M (B.3)

whezc-

h = inner heat trans~er coefficient; from gases to cooling

tube

ho = outer heat transfer coefficient; from cooling tube to

the liquid nitrogen. This is a very complicated term oI

calculate and has been estimated to be approxiamately

500 W/W(mK)(This about the value for water on glass).

r,= inner tube radius,0.0025 m

r.= outer tube radius,0.0035 m

kg,- conductivity of pyrex glass, 1.4 W/(m*K)

These parameter for U are determined at the log mean

temperature defined as:

ATb= AT.-T (B.4)

where:

ATk a log mean temperature= -41 degrees K.
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Temperature for evaluating gas properties will be about 120

Ilk K
T • .T..-T77:-78=-1 K

ATinT..-Tsin 77 -300 = -223 K

The inner heat transfer coefficient h, can be determined

from the Nussult number given by:

NuD= f (B.5)

where:

ID =inside diam~eter of tube (as given above~o.on m)

k =thermal conductivity of gas

valid for Prandtl numbers between o.s<Pr<2000 and Reynold

numbers between 2300<Re-<5*10.

Tf is the friction factor obtained either from a Moody

diagram or for smooth tubes from the equation:

f = (.79 DC~D-l. 64)z (B. 6)

The reynolds number is detemined from:
*=R..D= 40 (B.7)

xwDg

where:
Ow

g z dynamic viscosity taken for helium since it compoises
most of the mix,(at 120 K 106f *10-7 eNusa)
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the other properties of the gases were estimated to-be:

Pr = 0.685

k =78.3*10-' W/rm*K)

ReD is found to be 48000 from equation B.7 for 2 g/sec

and f is, therefore, 21.2*10"3 from equati-, B.6. Nu0 ,

equation B.5, is thus found to be 99.6 and h, is then

estimated to be 1,560 WI(m*K).

Returning to equation B.3, U, the overall heat transfer

coefficient is approximately 375 W/(m*K). The length of

cooling tube necessary to cool 2 g/sec can now be determined

from equation B.1 and is about 5 meters. This length is only

a rough estimate and should not be considered as the upper

limit. The length should be at least multiplied by 2 for

a conservative design estimate, especially since ' (1)

equation B.5 is at best 10% accurate, (2) the gas conditions

could be different, i.e., a different gas molar ratio causing

the specific heat to increase, and (3) the constant surface

teMperature condition may not be actually true. The length

used in this tube was thus taken as 11 meters.
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APPENDIX C

GRATING SELECTION

The grating was selected so that first order reflection

would be very efficient at 5214 nm. The number of rulings

determines the angle of reflection according to the grating

equation, see Figure 7.33.

n66=a(sinm±usin) (C.1)
where:

a a angle of incident rays with respect to a normal to the
grating.

S= angle of diffraction with respect to normal. The plus
sign signifies that 0 is on the same side of the normal
as a while the minus sign signifies that b is on the
opposite 1 side of the normal.

a = grating constant or distance between successive grooves.

m = the diffracted order, usually a small integer.

X = diffracted wavelength.

In the special but common case, when a=D (Littrow
configuration), the grating equation simplifies to:

,X=2asin3 (C.2)

*The resolving power of a grating is directly proportional to

the number of grooves. Unfortunately, this causes the first
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order to occur at a larger angle of reflection, thereby

requiring a larger ruled surface. The other major drawback

is that as the angle of reflection increases so too must the

blaze angle in order to have high efficiency in first order.

The limits of manufacturing thereby determine the groove

density since large blaze angles are difficult to

manufacture. Based on information supplied by the

manufacturer, a 48.5 degree blaze angle was chosen. The

ruling was 290 grooves/amm so that from equation C.2 5214 rnm

would occur at 49.11 degrees. The required ruled surface was

then based on this angle and the waist of the TEMOO mode,

see Appendix E. The required ruled surface could therefore

be selected as 25x25 mrm.
In changing the bore of the laser tube from 15 mm :c

19 mm, Appendix A, the size of the grating and the output

curvature were not changed. If a new output coupler :-

selected to optimize the volume, Appendix E, a new wider

grating would have to be selected.

267



A APPENDIX D

RESOLVING CO ROVIBRATIONAL TRANSITIONS WITH THE GRATING

it is of great importance that the optical cavity be

able to line select Co rovibrational transitions if the

laser is to operate in the single line mode. The usual

method of line selection is to use a grating that has the

proper groove density and is operating in a specific order.

The resolving power of a grating can be found by the

equation:

= in (D. .

where -&is the resolving power, m is the order, and n is
the number of lines (groove density) of the grating. &X is

based on the Rayleigh criterion shown in Fig.7.34.The peak

of one wavelength occurs at the minimum of the other line.

It should also be pointed out that the n is the number of

lines as seen by the incident beam on the grating. For this

reason it is very important, for resolving transitions, that

the nmode waist be as large as possible in the resonator

design, Appendix E.

By using a cavity length that is long enough to allow

for enough seperation between two different transitions,
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single line operation of a laser can be achieved.

Due to the grating and the resonator cavity length

(which is constrained by our optical table) line resolution

in this laser optical design is limited. To alleviate this

pitfall the bore of the laser tube is used to aperature

other transitions and the resonator design is chosen to

"reject" other possible close transitions. The optical

resonator design, Appendix E, allows for some "line-tuning"

by being optically unstable on close transitions. Close

transitions will be somewhat skewed to the "true" optical

axis and since the optical resonator is very sensitive to

alignment these other close lines will not be optically

favorable. Based on a 19-mm bore an estimate can be made of

what possible wavelengths could lase:

13arctan (~ )01Mbm4W~ =.5 degrees(D2

where 5 is same as as defined in equation C.1. By using

equation C.2 5214 nx occurs at 49.11 degrees and at 49.61

degrees will be 5253 nm. From equation D.1, andTable7.3for

the waist size n=1139 lines (=2.57 mm *[l/cos(49.11)]*290

rulings/rm), nal, 61=4.6 nm. Thus the grating is able to

distinguish between two incident beams that have a 3.5-nm,

wavelength difference. The CO transitions are listed in

Table 7.8. It iz important that no other CO P transition

within :L4.6 nm have good gain when operating on the 5214 nin

line, since this line will also lase.
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Fortunatly, transitions that are close to the 5214-nm

line are completely unfavorable for the higher power lasing

conditions suitable for the 5214-rm line and thus operation

is assured to be single line with this grating.

It was mentioned that the optical resonator design is

used for arejection" of other lines that could be lasing.

An estimate of the optical resonator misalignment can be

used to find the "rejection" qualities of the half-symmretric

resonator. From experience with the optics and experimental

observations for this cavity, the lasing could be turned off

if the output coupler was rotated by 0.08 degree (rotation

perpendicular to table). This would be the same as rotating

the grating by 0.08 degree which corresponds to lasing on

another line that is at most ±6 nim from the 5214-nm line.

anothr e l.4illustratio ofteRyegirieinsen

2I
I

•1

'4

Figure 7.34 : Illustration of the Rayleigh criterion (Feynain)
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IL APPENDIX E
LASER OPTICAL RESONATOR DESIGN

Design Criteria:

1) A half-synuetric resonator is selected for the resonator

design for two reasons. The first reason is that the

waist of the beam will be rather large at the grating.

This is neccessary so that the resolving power of the

grating is maximized. Because of this, a hamispherical

resonator design can not be used. The- c•z..i reason is

that the grating is not quite capable of resolving

adjacent rotational transitions for this particular laser

tube length, and thus the instability of this resonator

design can be used to advantage for orejecting" adjacent

rovibrational transitions.

2) The laser bore was initially designed for a 15-mm

diameter and later changed to 19 mm. The grating width

was selected for the orginal 15-mm tube. The output

coupler should, therefore, be designed to the grating width

"and not the new laser tube diameter.

3) Optics to be used should fit the existing gimbal mounts

"4 •which are designed for 16 optics.

4) The mode used for calculations is the TEM00. This should
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also fill the volume of the laser tube as much as ,.

possible. The dimensions of the cavity are a length of

2.0 meters and bore size of 15 or 19 umm.

Calculations:

Following Siegmann [41], we define the g parameters:

g 1=1-L/R1  (E.1)

g=g 2=l-L/R2  (E.2)

Where:

L resonator length

R= grating curvature

R2 - output mirror curvature

Letting R,. the grating curvature, be infinity; and .letting

L=2.0 m, g1=l. The waists at the output coupler and the

grating will therefore be (41]:

- = W2 at the grating (E.3)

w 2 =R ?i. at the output coupler (E.4)

It can be shown that for a Gaussian beam that 99% of
the beam is within w. and to eliminate diffraction effects
apertures should be at least 4.6w.. The curvature of the
output coupler is then limited by the tube diameter for the

15-um laser tube and by the grating width for the 19-mm ".

laser tube since:

(25 rmm)cos(50)%=16 xmm
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as seen by the mode when operating at the 5124 run line.The

limit on w, is 3.695 mm and w, is 3.478 for the 19 mm tube

and the 15 om tube respectively.

The volume of the Gaussian beam (gvol) can be

approximated by:

and should also be optimized-when selecting the curvature.

Table 7.3 lists the inportant parameters as a function of

curvature.

Table 7.3 shows that the present design (19 vn tube)

should use a 25-m curvature to optimize the volume and to

take advantage of the the resolving power of the grating.

For the 15-mm tube the radius of curvature is optimized at

10 M.
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S. ENERGY TRANSFER IN CO/OCS MIXTURES:

The Possibility of c. w. Lasinqg

This chapter adapted from 0. Shulz, On the Possibility of Creating

c.w. Lasing in the Carbonyl Sulfide Molecule , M4.S. Thesis, Chemical

Physics Program, OSU (1992)
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8.1. LASING WrIH THE CARBONYL SULFIDE MOLECULE

A) The carbonyl sufide motade

The carbonyl sulfide molecule (OCS) is a linear iatomic molecule. It has been

invesdtgated widely and its energy levels and other properties are weU known / Maki &

Wells 911. There are three different modes of vibrational excitation. The vibration

o $C

Fig. s.1. q.he rtom=a modes of Oa. Dhzcdoas and length of atws
indcat v&lv motions of the nuclei for the dave diferent vibraions.
v3 is dgog2ate d a3 vibW ioa of dc same frquency peqpdiculr to
du par is also posso&, /Townes & Shcdawow 551

CoINep~dk 10 Um• SYERSI sumStd 0(11 oxylu and sulf• azom has an energy of

vu-5.,O au', in quanwm numbe wM be CAl at. Mw benn mode which is

doubly degenerat e onpoads to #a energ of va = 0.4cm' T he beading quanaun

number is named ;. Thee Is the possibility of an anguar momentum associated with

the bending mode if two bending vibrations perpendicular to each other are excited
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simulteously. Its rotadonal quantum number I can assume the values Iz O-2,..., 1 or 0,

feending on n•. I is for odd, 0 for even a/ KnmbU & Sisds 89/. Tbe asyrin~C~

1-e, mode occmm at an eneW of v.= 206=2 •c'. 03 will be used to describe its

qumntum number. A schematic of the vibradions is given in figure 11 Townes &

aon

Soo -Z

Fig. 8.2. -Vibradional levels in OCS. Lines indicate possible interactions
between nearby levels. /Townes & Schawlow 551

SdbawlowSSl.

Fig. 8.2 dsowthdifferetenea rlsflo &es&Scuwlow 5/. In s wo••the

vibrational exitation, of a linear triatornic molecule will thus be described by fte set of

numbers (n1,nn)

The energy for a linear triatomic molecule in a 'Z elecronic Mate is given by:
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E .•(G.,, + B ,,J(J+ 1) -D ,,[J(J+ 1)_1212 +H if[J(J+ 1) -12]1 +...) (1 )

/Mai• & Wells 9 1/

The sum exuemds over the different vibrational kves v. G, is the band center, B,. D,

and Hk m the routtiona constants which depend on tie scum J is ft rotational quantum

number for rotation about an axis perpendicular to the molecular axis and I the quantum

number associated with the rotation about the molecular axis due to superpositions of

bending modes perpendicular to each other. The constants in formula 1.1 amc also given

in the publication by Maid and Wells. The ones that are relevant for this work are

summarized in Table 8.1.

Table 8.1. Rovibrational constants (in cm') for 4O';C*S / Maki &Wells 91 I

Vib. G, B, D,*I10' H,*1014

(00*0) 0 0.2028567408(8) 4.34064(25) -0.329(30)

(01'0) 520.422055(1470 0.2032098348(21) 4.41148(31) -0.260(38)

(I00) 858.966932(48) 0.2022518316(60) 4.43350(36) 0.045(45)

(02;0) 1041.293318(239) 0.203559482(89) 4.48328(93) -0.135(80)

(020) 1047.042048(11) 0.203480485(12) 4.41964(63) -0.712(73)

S(.Q. 12062.241(121) .2016415300(477) 4.40920(20) 4.551(470)
,(040) 2084.378 374 .20424..319(0M8•4.5920(296) -0.3

(04'0), 2099.14648(21) .2040519146(232)14.49489(828) -0.6

(040) 2104.827673(87) .2039680864(171) 4.3061S(970) -32.73(814)
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To we the cafrbonyl sulfide molecule as a pin medun in a gas laser a popuilaionf-

invecucu has to be ca=d Tl amre •av rl ovlbkiUid UI s in the OCS that

can be used for that purpose / Deutich 66C gcbi* bý F e==an 74 1. Te most

promising one realt from the smilarky of OCS to 00.

Caoon dioxide is used in one of the ost poweu gas laem I Vrueman 87, Dax 88/.

SIO.E / oss 2-.An

~~sou

'fell
dUO)n (=O

Fig. 8. 3. ScheidC C02 N2,

/ Kneubu•el & Sigrist 89

OW can vio thO molMcule as a 00. nmlcul whM one of the oxygen atoms

is eplakd by a suwf atom. OC has a vu o moode sum=u simi' to l0 b "lt

similarity leads tO the d h 0 could ake• a lse i to the. 00a .

This proposed OCS laser would be vey useful bemuse thed is a lack of fixed ftquency

lasers in the 8.3-micron M-get. If this hole is filled, the door would open for
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moe exaCt sP mle P*ic -artets in this region. Also the undesanding of the

OCS HOW=s coul be inclased.

Mhe C0 o2 eu lawe hs a gas luas which lasts from the (001) state of the asymmetric
Strth mode to the (M00) st:=6 the twice exited bending vibrational mode (9.6jtm

band) and to die

irst excit* Aymmeuic stetch state (100) (10.6 micrometer band). However, it should be

mentioned that both the lower laser states mix because they are coupled in a

Fermni-Resonance due to their small separation in energy. A schematic is shown in

Fig. 8.3. In i 002 lawr the upper laser level is populated by electran impact in a

discharge and by aear-msonant energy uzndfer from vibrationally excited nitrogen. N, is

effective in storing vibrational energy since it simnders that energy slowly in collisions

and also does not radiate on transitions between vibrational levels of the same electronic

state since it does not have an elecutic dipole moment. The lower laser levels are

depopulated mainly by collision processes and also by spontaneous radiative decay. CO2

lasers achieve up to 80 kW in the continuous wave mode of operation with a quantum

efcidac of 15 to 20 S ( Keubuehl & Sigrist 89/.

Hoveret h•e am dference betwe the CO and the OCS, that have to be noted.

First, Sue Fai rmancis coupling of the (020) and(00) I els is o as satum• as in

COC since this gap is larger than in CO. In CO this energy difference of the

usaws is about 7 cn 4 (which is split up by the resonance to 102.8 cnm ) /

Witt.m 87 / while in OCS the initial gap is alrady 181.9 cn"1 /Makd & Wells 91/.
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More imporwnt for the realizadon of an OCS lUe=r is the fact, that the states (04'0),

14,2A0, have a dco coladden•e with *e deid upper las level (001). Thw band

centers for this levels at fouMd at2104.8,2099.5 and 20843 cm4 , ivspectively. The

(001) level in OCS is cntered at 2062cm'. So dts is a possibility that the

asymmei tch mode might be depoplated by intramolecular V-V transfer in

collisions with other molecules or atoms in a reaction like:

M+OCS (001) + M+OCS (040))-AE .1=4,2,0. (1-2)

in which a collision panner M collides with an OCS in the asymmetric stetch mode

causing it to transfer to one of the bending modes (040). Th. energy needed for this

ansition is a relatively reall 41 to 61 cm' and come from tha kinetic ener of the

collision paue. This V-V nsf done is aMsoca wi a collision number of 170,
while in COQ dte total internal V-V transfer from the vs to the 4v2,3V2,v,+ V2 ,2vj and
v, + 2v2 modes is described by a Collision number of 25000 / Mandich 80-1/. The

collision number gives the average number of collisions necessary to induce a specific

transition. Thereforn, this path of depopulation of the upper laser level is 2 orders of

magnitude faster than the comparable one in CO.

Also it has to be noted that OCS ponesses a permanent dipole moment of 0.279 ea. I

Idkaw70/.
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B) Obsrved lase- acity

1. Pulised lasativiy at 8.3 (tm

In 1966, Thomas Deutsch observed pulsed laser actvity at the transition from (001) to

(100) in OCS in different mixtures with other gases / Deutsch 661.

The apparatus consisted of a water cooled '32-mm-inner-diameter tube and a resonator

composed of a25 m radius gold wto reflector and a flat Imm diameter pinhole which

aed as a 1.5 % output coupler; 31 different mnsitions in ta band lased in a pulsed

discharge with pulse lngth of I ps and 70 A peak amplitude in cmmnt. It was obsered

that th*e output incrsed monotonically with the gas uix =qu= OCS, OCS- N, OCS

- He, OCS - CO and OCS - CO - He. The increasing inversion ratio was also indicated

by the presence of R - branch transitions in the last two mixtues. Typical gas mixur

contained about 0.3 torr OCS and 0.8 to 6.0 torr of He. The current dmhshold to achieve

8.3-micrometer lasing was 30 A. The partial pressures of the other gases are not given in

d paqr. In addition to the OCS laer action, lasing from CO molecules occuned also.

DOufachi-msrp --ie CO lunbyfthefoanadosofv~adomalyc3&ied COdue o

Feoda at= O . lime Inue In aouputa by ailin CO is explaned by am

tsonmt V - V ansfar from vibrmonally awedt CO.

4" evu issues, raised by this paper, s0 remain um nSCW& First, the is the question

rpgarinS the panial pressures of th pses in te lasing hmxtun one could
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Invia tede nfx s OCS- N 2. OCS -CO- N2 d OCS -CO -N 2 HC - t.

invelsftdigaete effect of die aditiondal eation of CO by nitrogen One comM try to

force adadional transitons with fte hep of a wavelength selective resonaor. Also dl=r

are questions remaining concerning die role of He. Why does hegwu incease the

ffi -ieny? What influence has the temperae on the laser output? To answer these

questions. you need to have some information on the time development of the

laser light for each mixture. / Deutsch 66 / is an important step towards an OCS

continuous wave laser, without investigating the whole range of possibiliti.

In 1975, KOldal and Deutsch I Kildal & Deutsch 75/ investigated two other ways to

excite the OCS 8.3 tim pulsed lase radiation.

First, CO was vibrationally excited by a frquency doubled pulsed 002TEA laser. The

energy is then stored in the CO molecule and u-ansferrd to OCS ' near resonant V-V

transfer. Lasing occurred with maximum pressures of 115 torr and a maximum

efficiency of 2 %.

The second way of exitadon was by direct optical pumping with five different firequency

doubled lines of the CO0 9.6 ptm band (P(26), P(28), P(30), P(32) and P(34)). LAsing

Omc ed both near the pmped J values and near the I values cospon- to maximum

doam popu tmo Ma niaWdauuni two and efficWecy were 55 tir and 4 S,

In both caes 200 ns pulses containing up to 26 ml were used.

These experiments once again demonstrates how important resonant V - V transfer from. ,

00 to OCS is for the process of populating the asymmetric stretch mode of OCS and
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also points out the difficulties due to the close resonance of the (001) level to the (0400)

level Unfcmunately no information is given on the composition of the CO -OCS

niixon used. Also no exper ments have been conducted to investigate the impact of

other gase sucd as helium on fth pedoutmance. Nothing is said about the timne

development of the laser pulse.

2. OCS lasing at other wavelengths

In addition to lasing on the 8.3 ;Im band pulsed laser action has been reported in the

bending mode of OCS / Schlossberg & Fettennan 75/. The (0200) J-4 state has bee

populated by a pulsed CO. laser operating on the P(22) of the 9.6 gm band. Subsequcrn

lasing with fairly high power has been observed down to the (010) state of OCS. The

wavelength of the laser uansitions were 18.983 Im and 19.057 pr.

C) Continuous wave lasing at 8.3 pgm

i. Excitation of the asymmetric stetch level

To achieve lasing it is necessary to create a population inversion. This means that ways

have to be found to populate the higher laser level selectively, i.e.,without populating

the lower laser level or to depopulate the lower level selectively or both. As pointed out

*A OCS is supposed to lass fm the (001) to dr. (100) leveL Tre awe four ways to

populae de level (001) oIOCS.

- Excitation by electon impact

The electron impact on OCS has been investigated by Sohn et al. / Sohn 86 /. They

show that the cross section for exitation of the (001) level of OCS reaches its peak at
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electron enearies of 1.15 eClror. Volts (eV). In this case also the ratio of the cross

sections for the eidtad of the (001) level to that for the (100) level reaches a .4

tnum. Sohn's resi arn shown in Table "8.2.

Table 8.2. Integral cross sections for e + OCS elastic scgletg ad

vibrational exciadao. All aoss sections in 10"' cm./ Sohn 871

Energy Total Elastic Vibra- OCS OCS OCS
Sev) ... (100) (001) (OlO)-

0.4 - 57.2 - - -

0.6 46.05 39.4 6.65 - 3 6.65

1.15 51.5 36.1 15.4 2 3.8 15.4

2.5 17 15.3 1.7 0.6 0.82 1.7

3 20.9 19.6 1.3 0.4 0.62 1.3

3.5 24.5 23 1.5 0.6 0.63 1.5

- At higher electron energies the cross sectons and the ratio decrease. Once again these

results are comparable to the similar results for the CO, laser / Witteman 87/.

- Excitation by vibration to vibration energy transfer

The asymmetric stretch mode is in close resonance to a number of vibrational transitions

in other molecule So thei is the possibility of trmnsferring energy in this mode by near

Neaumm vlbmUW so vibaton V-V eergy ansr. The first canAdid for this

ediun Is cabon mooxide in a recdon suc as:
OCS (000) + CO (na 1) ++ OCS (001) + 00 (n-I) +.Awn) (1.5)

Probabilities for this reacdon have been measured by Handcock and Smith and by M.

Lev- On et al. / Hancock 71, Lev-On 72/. The number of collisions to transfer a
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vib•raioia quantum fiom CO to OCS and the dependence of this number on the

vibra•-onl qamm unbnr a of CO has been caculaed from th dam and is given

in Table 8.3.' These rmlts, Which ,u also confirmed

Table 8.3. Number of collisions equi4rd to cause V-V tmnsfer from 00(n)
t Oa, depending on CO vibrational quantum number n.

after / Hancock 71 Lev-On 72

CO (n) Collisions CO (n) Collisions
1 77 9 59

4 9 10 101

5 7 11 128

6 7 12 208
7 11 13 400

8 *27

by others /Hancock 74/, show the very fast energy aasfer to OCS. The observed

variation with the CO vibrational excitation is due to two factors: the number of

vibrational quanta available and the energy gap. The CO itself can be vibrationally

veited by edeamon impat and by V-V Vansfer fron N. which itself is excited by

mining A /Ceorge 901. 1o06 mohculesf tech hhr vibradxmoa leve due to

"Treaner puW S .This effect is avored at low tmnperaz Treamr 68/.

Another possibility is the use of nitrogen. In collisions with vibrationally excited

nitrogen, enerz caan also be transfered to OCS in the following reaction:

.%(n 2 ! ) + OCS(000) +-'N2 (n - 1) + OCS(O0 1) + AE(n) (1.6)
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Tem ae no d4a for rids madam In t Vps plae but onm can expect dais mvaw to

be hanoam sntdce AE Is alna smoller d=a die avuage knetic anerzv involved in dick
com hrs M smicaou has ber. obsead In die fiqtid phase/ Brawk 78/. Another hint

Is that O(-N mixmes gave mom pulsed laser output than pure OCS / Deutsch 66/.

- Excitation by optical pumping

With the development of a CO laser operating at low vibrationAl levels an other

opportunity for pumping the OCS (001) level is given. There is an accidental

coincidence between dfe P,(13) (nomenclatum P,.-0). quantum numbers for the lower

levels we given) of 00 and tde R(S) lin in the OCS (000) -1(001) tansidon. The

coprespoadan- wavenuina. an 2064.58400(l) cnO I Schneider 901 and

2064-58404(13) / MaHd & Wells 91 1, respectively. With the existing cw power of about

100 mW / Saupe 92 / on this CO laserline it might be possible to operate an optcally

pumped OCS laser. The optically pumped OCS laser would have the advantage that the

lower laser level would not be populated by a discharg at all. This could simplify the

creation of a population inversion.

2. Dduato . of thaea eic " etc level
04d lh• rbuad, =h wem sew. meuchamio q spat Mia l adiation in de 8 p

m bd, W4NspaplM 60 afsyanW Ch leve of OC. The o•somou ndiasive

Iedme of ibis level Is 3.1 awe, which can be calculated hm the uansition moment of

345 Debye / Mad & Wells 911 Also thee are several opportuntes for depopulation by
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"coflsios. Most impotunt Is fte adistributon of viticO•l ermerg betwe OCS

molecules wih thmee main types of Uunsfer puxes

OCS (001) OCSo(000) -. OCS (000) + ocs • +E E 170 cn" (1.7

OCS (001) + OCS (000) - OCS (020) + OCS (02'0) + AE = -41 cm'" (1.8)

OCS (001) + M.-+ OCS (04'0) + M +AE= .-43 cm" (1.9)

M is a collision partner, e.g., OCS, CO or aim aps. Rates for this processes have

beesn nmest•d by Hancock et al. / Hancock 741. Theibtesuts a• given in Table 8.4.

Table 8.4. Relaxation rates for OCS(001) /Hancock 74, Zinel 88/

Collision process raw consamt Collisions per
(s7'torr") deactivation

OCS (001) + CO (1.05 +1- 0.2)* 10 830

OCS (001) + Ar (2.6 +1- 0.4)* 102 2,700

: IS00)+ ](2A 41-A) 010' 2700

3. Population of the SynWciC mtetch level

The lower laser level will be populated by dtm different ways. To maintain a

population inversion population of this level should be avoided.
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-Populadon by lawe procassi

M& way Of POPad dr. oWI laser lo d Is Iaaidabh.

-Emciadon by dectron impact :

The results by Sohn, quoted in Table S.2, point out dist the uyuudeu Iw level of MS

Is exced by eeuon ipatp a.& well as ft hige asymnec much level As

mentioned before, one must chose an electron ner that favors df population of the

higher leve over that of the lower one. Hemr 1.15 tV would be the appropriate electron

-Ezxcimdo by iunral V-V ransder processes.

The vbationl enary map for OCS by Manch and [lyon shows dtt the (100) level of

OCS can be populated by intramolecular enrgy transfer fno the (020) levels I Mandich

80-1 I. From their work a collision number of 560 at 295 K can be calculated for this

process. The (020) levels will be populated because of the mentioned u-asfer from the

asymmettic stech mode to the (040) levels. These levels wil then relax in subsequential

reson=t processes such as:

OCSOuM,O) + OCS (OA0) .-. OCS(Om-xY, + OCS (O,nA ,O) (1.10).

The overaR equilibration of the bending modes is veay fast. The rar. ",.t has bee n

meuumdto be k,,- (800+1-400) * 10' s9" o'/Zll te88 . So once one populates the

asymneuic strech level, one also populates die lower laser level, the symmnenc strech
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level, by sbsequent inmraoleculr loss of vibuational energy. The close resonance of

f.e (00 lWes with he (001) level y has a negativ •mat on a possible

population ivrwardon in two ways: it dqmpopula the Ngbe lawe level and it populates

the lower lae l the successful carbon doxd laser no such proce plays an

4. Depopulation of the smmetric suttch level

The lower laser level, the symmetric stretch level, will be depopulated by three major

mechanisms.

First there will be relaxation into the rotational and the urnslational mode (V -T/R

wlaxation). The second process is V-V energy transer to the twice excited bending

mode which is separated by 188 cmw. This process is described by a collision number of

1400 / Mandich 80-1/. The last process is spontaneous radiadve decay. The

corresponding spontaneous lifetime is 1.2 seconds / due to Maki & Wells 911. The total

decay of the v, state in pure OCS has been observed to bei '.7 +/- 0.2 ) 10l s-1 tor'* /

Mandich 80-11. Most likely this rate is faster in the presence of lighter gas, at least the

part of it being associated with a V-T/R process.
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A.) Sdaemnac Setup

A schematic of the scip is shown in Fig. 8. 4.Th e xpzizrnnts wev conducted in a

ff, .E

Fig. 8.4. SdowAuco

glSsb s tw *ft a glassJache to prvidb dierent mean of cocon& Inftisglass tube

diner Is an eecui discarg which cpenls in a dhm ecnts trA & Ifd. Th lass tube is

sealed by BaF. Brewster windows wbich awe purged Just inside e4Ac purged end region

*Am* is'&gasinlmLMmeSame am pumped out of the tube though acenter pon as

shown. The tube is mnounted to an optical bench which also holds the'resonator optics.
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The resonator is composed of a total reflector and an output coupler and thus is not line

selective. Gasu ntering the tube ae mixed in a mixing volume. They can be

measured by flowmears and by partial pressws. Radiatdon leaving the tube can be

invesgtda by mums of a mono.1 romor.

B) The Reonator.

The resonator has been calculated to give a relatively large mode volume long length

cavity to obtain a higher gain since one has to expect a small density of molecules in the

upper laser level. The total reflector has a radius of curvature of k.=10 m, T,the output

coupler has a reflectvity of 98 % centered at 9.3 I= and a radius of curvature of R,,=

10 m. Consequendy the resonator is a symmetric ore. The two reflectors are separated

by L=80 cm. One obtains the following resonawoparamezers, based on / Siegman 76/:

g.•=l- L/R.-=0.82 (2.1l)

and simultaneously &=0.82. The resonator thus fulfills the stability condition:

0.5 g,,"15 1 . (2.2)

For 83 pm die waistmat domi s can thus be ca•lz dto be:

wa 1DWjzj3ý7) 2.88 mmn (2.3)

and with a symmeric expssion one obtains w= 2.88 mn. Since the waist inside the

resonator is everywhere inside the cavity smaller than the waist at the mirrors, there is

no interference with the purges, which were selected to be 16 mm in diameter, at all.
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Both mniros are mounted to an optical raig supplied by Oriel Co. which is supposed to

' be ver stiff. he ndl tseiffi staged on the op cal table by four vibration isolation feet

Thw table consists of stee bum and plates. This effot was mad, to vibraionay isolate

te resonator. In order to achieve a betr stability of de resonat addional

improvemients would be Pncmry.

The tube is closed by BaF2 optical flats %,, ch ame mounted at the Brewster angle. A

transmission curve for BaF2 is given in Fig. 5.5 There are two dfferent thicknesses

available, 3 mmn and 6 mm.

8aF. refractive index vs. wavelength
S..n n

* 6U.S- o.s 1.47 &.00 .,1•o ..50 324 1.46 .60 1.42

620"6 1.49 5.14 1.45 9.20 1.41
0.48 1.48 6.50 1.44 9.80 1.40•- 10.60 1.39

•: ~ HIM I III1\ • .t I I I II I I!

!I I I | _I I I I1 1

.1Z/ A i '"'""-. '"S:o11
-TI IT III ,I I
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OI ] l I II!!I I I II I

. Fig. 8.5. OPtal Pepadpes Of Ianos/ 9

Inside the disharge one has to expect the decomposition of OCS due to the reactions /

A 4 Barker 801
OCS ,CO + S (2-3)

and: 2C, +4 COl+ CS2  (2.4).

297



.7,

Therefore one has to expect deposition of sulur an the walls as observed ealier in

Ldirect cw•it glow dschargs I Yams& 871. To avoid sulfu deposiion on the

windows, they ame separed ftoit fth main tube by a 16 MmR diatiroWPur Ve of 10 CM

"lngth. Helium 2W nitrogen we used as pur V= The OCS is added 12cm down

streamn ftom the helium and nitrogen. The experiments showed that this purges were vet

effective- While the main tube was covered with sulfur after a few minutes of discharge

operation, no sulfur deposition ever could be observed in the purged volume.

The location of the decomposition of the carbonyl sulfide was monitored. by the

&eposition of sulfur on h walls of the tube becuse the flow velocity was relatively

s ,all (about 3.5 m/4 Therefore, the sul f was deposited in the region where the

decomposimn of the carbonyl sulfide took place. It turned out that at high carbonyl

.ulfide partial pressures and high cunes most of the deposiion occured in the region

directly behind the carbonyl sulfide inet. Te conditions in this case we carbonyl

sulfide partial poressuresw of about i tort and currents above 40 mA without any carbon

mnonoxide adde&L

I d -,omps inl Po e carbonyl sufide M an almost cormplet decouposition of carbonyl

sulfidn 13t alb monpdr & and h ufu has been os wvtdf I Csk & De Locia, 801. the

authos of das study also observed tia rotatonalo transt•ionl and vibrational depe

of fredom reach approximately the same temperature in the discharge, although

different times arm needed to achieve this temperanie.
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The Present experiment differs from a discharge in pure OCS by the addition of large

amounts of He and CO. The He has the effect of significantly lowering the auulational /

routional mode temperatr by increaig the heat capaity of the gas mixtM and by

ineeasing the heat conduction to the walls. Ihe added CO has the effect of shifting the

equilibrium in equation (2.3), so less deposition of OCS into CO and S takes place- Also

we note that a very small amount of OCS is rained in a large preponderance of CO.

This permits energy to be stored in the OCS / CO vibrational modes without

thermalization from rapid V-TIR. relaxation. Thi, is similar to the N2 storage role in CO2 -

N2 laser mixture. The observed strong fluorescence from CO vibrational levels of at least

up to v=5 also proves that vibradonal ternpermah in the CO is very much higher than

the translational temperatue.. Therefore, the conclusions from Clark and De Lucia not

necessarily apply to the discharge under investigation here.

At the conditions used later in the actual experiments (see Section 8.3). The partial pressure

of carbonyl sulfide was about 0.01 tort and thus very much smaller than in the case

described above. Also there was carbon monoxide added to about 0.1 torr partial

ptessure. Thus the decomposition of carbonyl sulfide was not as rapid as in the case of

Ie c ooAyl parta psm s Ed Iowa carbon mmono partial prsumL This

cou be comluded fom the obmraon tda die slft was depoad mom miformly

on the tube wall. Also, the sulfur was deposited a lot dower in this cases. So there

"appem to be carbonyl sulfide in the whole tube and the decrease in carbonyl sulfide

content towards the center of the tube where the exhaust was located seems to be very
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moderate The windows themselves are mounted on an nylon holder to allow V

W WCWW WWOi • joint fuing, for eCleCUU I VV gap

joint fitting for taue tube

-0-Jpurg PWC be
O. ring pyftx tube

sylon bmwsw window holder

Fig. 8.6. Rn•wu•wiWowholder

poplam t an cleaning. Fig. 8.6 shows a sketch of the Brewster window setup.

C) Gas Handling System

A sketch of the gas handling system is disp•:Ve in Fig. 8.7.He.ium and nitogen am

introduced into the tube through the purges while OCS, N, and CO enter the main tube

just outside the purged areas. The flow is directed towards the center of the tube where

the pump is connected. Pressuits are measured at the gas outlet by a mechanical

Wdalo & Thom pre e ganp , model PA 180. Tis device allows pressue

smmouu wthu an e of: 0.01 torr. aM. "Me flow of euh ba cn be ugnaated

by uoewn valves and Is measured by flowmeem The gpses entein die main tobe are

mixed in a mixing volume of about 225 ccm.

A HYVAC 14npuM with a flowm te of 160 b r fmin is used.Trheflow velocity ata

typical pressure of 5.00 torr in the lase tube has been measured to be about 3.5 -
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'Ii

c~pressre gauge

Sflow nieter

0 mtezng valve

OCS 0 N, He

Fig. 8.7. Gas handling system forOCS laser seup.

D) The discharge

A one arm discharge exending between the purged areas is used to excite the gases. The

elecudes arm bullet shaped nickel pieces separated by 140 cm. A BRC -40-25-OS power

supply by Universal Volronics Coporation is used. No cumtnal ballast msistors are

mied•

There is a opdnm MWy =nsr fodisfcha• g ekc to the

OCS(001) energy level if these electrons have an average energy of 1.15 eV / Sohn 871.

With the analogy to the CO,.5aser this would correspond to an E/N ratio of about 2.5 *

10" V cat / Witteman 87/. At the pulsed OCS laser by Deutsch I Deutsch 66 1, total
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pressures of. to 63 toarhave been used. requiring a voltage of 0.8 to 4.7 kV in our

setup. The BRC-40-25-OS operates In is m ad up to 20kV.

E)Csmfln

To allow cof& d•e lass tube is ppl with an ouam kt of 7.5 c di&m . It

can be filMd wMth a varie•y of Molants such as wtr. dry ice or liquid nitrogen. It is

possible to have the coolants flow through this jackets.

F) Radiation detection

To analyze the radiation out of the tube, a 1/2 m onoromator manufactud by Spex,

model 1870 is used. Ther are gratings blazed at 4 prm and at 8 jun available and two

deent infraned detectors. To detect the (001) stat of OCS a lquid nitrogen cooled

InSb detector by EG&O Judson, model IIOD-M204-RO1M-60 is used. The actual laser

radiation at 8.3 microns is supposed to be detected by an liquid nitrogen cooled HgCdTe

detector by dhe same manufactur, model JIlD12-M204-SO1M-60. Response curves

and electrical bias circuits for both detectors are given in the Appendix.The signl] out of

the detectors is analyzed by a phase-lock amplifier by Stanford Research Systems, model

SR 510. A mechanical chopper is used to chop the radiation.
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S. 3. E PJE41METAL RESULTS.

A) Fluoresaece from the uppw laser level

I. Procedur

To cruae a population inversion it is nemssary to populam the upper laser level. The

mrst pan of dds study consequently was to investigate how the diffemnt pmnewrs that

could be manipulawd IMuend d6s populaion That youm s include de

discharge curent, the conm ntmion of the different gases and tde wamr The

easiest way to obtain information about the asyrnetric stretch mode of the OCS is by

monitoring the spontaneous emission to the ground sate.

This transition has the strongest transition moment of the OCS transitions given by Maki

and Wells (0.345 Debey / Maki & Wells 91/, giving a spontaneous lifedrne of 3 msec).

Th. RpO eOM letim for the actual laser ansin•o e is not known but can be

iu d by d cam p-u n wlA* do 02 madhch W be of ft order Of seconds. This

u mui %om csequealy Is a lot wme Adding to this Itfm t ch t aenrd

deect amorm senstive for highe crergy phons. Tha ,omiun oa the (001) to

(000) tasition can be detected a lot better than the (001) wo (100) transition.

Nevertheless, this transition ovedapswith the * ower tansitoms of dhe CO Ava 1 band

and cantirefome,with our equipment just be detecd as a strucre underneath the CO
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j.,t . ,.o "• , %. .. "

qecrunL The 1/2 mowe

of 0a tr Camot tuol the

wfth die 00 bagowid sinc

* theswe lime art spaced closer

W4
:) d= theCO inesad tan the

14 apparent width of the single

~ CO lines. which is given by the

hinsuume available. 7he

4.9 4.3 qncing of the OM
Fig. 8.8. 0D.oa 9 ~s~

roynirdonal liMe is

approximraftly I nrn while diat of the CO lines is about 10 nnm The reason for that is of

course that the OCS has a larger momient of inertia tha C0.

To determine the real

.w4 ~intensiy of the OCS signal

against One CO background

6* Mofowing procedure was

applied For every sac of

paameter two Spectra Wert
5 pomaded. one with and one

Fig. 8. 9. PotCc **u ... without OCS. Tle spectra
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weoe taken observing the fluo ence ftm de dischag anmalyzig it with the half-

noe-r I an% an UnSb def.em Typical xpeca for the cas with and

without OCS are shown in Figs. 8.8 and 8.9.Thes in both chats the inte•ty at 4.635,

4.832 and 4.873 micrea corresponding to dte CO utansidons R(3), P2(6) and N0(0),

espectively, was detem-lnaed.t Tera two oveap with the OCS (00) to (000)

tran•itions. It is assumed that the distribution of intensities among the CO lines does not

stifgicandy change when OCS is added. ibis might not exactly be true but it gives a

good estim since the enegy trainsfer rates from the lower three CO vibrational levels,

which afe the one under invespit her, ashoud bein the same order of magnitude

The hamonic oscillator model / Landau 36 / suggests together with the work of Lcv-On

I Lev-On 721 that approximately 77, 35 and 42 collisions are needed to transfer a

vibrational quantum to OCS from the CO v=1,2,3 level, rspectively. At the same am

collisions among CO molecules tend to rapidly •distribute the energy between the

diffcent CO vibrational levels toward a steady state disuibution function. So one can

iagine that the energy lost to the OCS is not lost by single CO vibrational states but by

dOOpapdatim as awboM .

.11wpmed was Wo deumn mido ofdf ineMa at 4.6345 u t tatw

4.M2 mru and to that at,.V3 micn sin d OCS - fte specin. In a second step

"these ratios and the signal at 4.6345 microns in the OCS-CO spectum, wher there is no

O(C s gpal, were used to calculate which put of the signal at the two othe wavekngt

is doe to CO. The rest of that signal has been attributed to ocs. This procedure
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4' 7 "r•7 7.. .. , 1 .......1 77 ......."-I .'. -.

craily ( noM give e exact OCS itwisiics. Neverheless the possible sysematacll

Sengrtror ded by dais mc d will always be zcwd in de same direton, Probably

this uedsod will u W s 6awth OCS r*a~mdiaio se die ovrabpping 00 transitions

aremor lwMiYely h5 "rNsfer erg to OCS UMan =(a= Ueeec rnsition CO vui -+ vasO.

However, since all ••e is interested in is an estirmae of the relative population of the

OCS (001) level, this systematic error does not influence the inunpAdon of dt re sults.

To estimate the amount of the OCS in the (001) level, the average intensity of the two

OCS ines has been divided by the partial pressure of the OCS in the lasenwbe. This

value was named k, it can be called the relative population of the (001) level, given in

arbitrary uni.

2. Results

The dependance of the relative population of the OCS (001) level on the different

controllable parameters has been investigated. It turned out that the optimum values

found for each parameter were reproducible if the other parameters were varied within a

reasonable range. In the following section the results of this investigation are presentad.

a) Carbonl sulfide

A cm be sem in Fig. 8. 0o, doe eav iesity valneR is mor thd inveely

Pe~oma d uwodCieOAe~lthastbepalntduth~bbelhviorno

caused by the division with the partial pressure alowe. The wal radiadon il als

increases with decreasing flow rate. It has also been observed that a high OCS

concenration results in a smaller overall signal from the carbon monoxide population.
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"The twocurvesin Fig. 8.11.
WOo

point out de atemendous

4.00 impact of theOCS

C a ceP, aldoa on the CO

4.00 fluoresoence signal. This

result can be explained by

2.00. two processes.

First, the smaller the OCS I

0.0o . CO concenuation ratio, the
20.0 20.00 40.00 .... ..0 iO6OO
ocs Patd pr,,e•. m. more likely is a V-V energy

Fig. 8.10. Raohe .opta of OCS 01) at
e'•w4et ocs Paal Prewures transfer to the OCS by

vibradonally excited CO, because mome excited CO molecules are available per OCS

molecule. Since the OCS loses this energy relatively fast into other modes, a small OCS

concentration also means that a smaller amount of energy is taken out of the CO

molecules which, therore can continue to act as an energy reservoir for the OCS. As

dmsat k Fig. 8.u a high OCS patial prsure results almost in a cqmplete loss of the

., (30 emergy mlewae

On de• o rhand a higher number of 0(C molecules neans a higher probabl~ity for

collisions among OCS molecules. OCS tends to give up vibrationa energy in this

collisions much more rapidly dan in collisions with other molecules, as pointed out

above. However the first effect mentioned is probably the dominant one.
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4j

V.r.

*l A

AS
v"4

0 4
I p A..Ik

SO 4S 4A 4.1 4

Fig. 9.ni. Spemuof CO - OCS wuixtist for two different OCS patrtial press=re
Carve A pa.-a prmssum 1.5 mtorr
Curve B :partial pressur 82.7 mtorr

it has to be noted that for all casem where OCS 2062 cmr' radiation has been observed,

the OCS partial pressure was below 0.1 torr. Deutsch ran the OCS pulsed laser at typical

pressures of 0.3 torr / Deutsch 66/. So it can be seen that this laser was not running at

optimum conditions for an 0=5 cw laser (if such a thing exist).

b) CKIM

lbs &pmdmoe ea de cu t shows a tnuumm am meu around 2 mA u sw in

Fig. 8.12.lbevotmpsen is case was36.0kV. 'isdsliws I/Nmilo of1.9* *0"V

cm" at 5.3 tort total pressum. This E/N ratio would cause a rms kinetic energy of

appro3xinatly 0.62 eV in a CO. laser mix / Wittmn 871. In a CO mix, which comes
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close to the Psent
8.00

condition, this W/N

Sratio gives arMs of less

than 128 eV /Nigham

72 /. This result also is
S4.00

in good agreement with

the expectation of
2.00

maximum excitation of

the asymmnetic stretch
0.00 ...... i. ..... . ...... 5......bo

mode of OCS at an
Fig. 8.12. Rejotive popuotion of OCS(001) @JInat, MA

at d'fferent currents
average kinetic electron

enegy of 1.15 eV I Sohn 86 . This shows that for the excitation of the OCS (001) level

the mechanism of direct electron excitation cannot be neglected.

c) Carbon monoxide

The depdead• on do Catbon monoxide pa••ial prtssureis given in Fig. 8. 13. A slight

pm mfbrCO Mu pwes omit 0.1 stris obseved. Once gin ta ftams

tam io caem dus. At low CO M os. the OS - C0 rnubo if towards dtre

OCS and the energ lons due to OCS excitation becomes dominat. At higher CO

psures the number of excited nitrogen molecue decreases. Also the influene of the

CO molecules on thelectron ener &dstribntion fwction inreases. Fewer electrons

will have the right energy to excite CO vibrations. Consequently less CO molecules with
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.. - .. .- . . .

the favorable

vibtidoaal quanumu

4AO •Lvels of up to about

v- 8 awe available.

3.00 Theme might even be
0r

2.00 so much 0 in the

1.00 vibrational ground

sethat there is a
0.00 ......

0.00 7.05 0.10 0.15 0.20 025 ,.30 0,5 coWideble enegy
00 potWd premwim towr

Fig. 8.13. Re! ou:t aon of OCS (001) transfer from OCS to4Mol/eet CO pa"p*•

CO. Nevertheless it

seems that the CO concentration is not as critical as the paranmters investigated

previously.

d) Nitrogen

The niomgen concentration was the least critical parmneter. Fig. 8.14 shows that once a

ted, dr& hold s passd, Ih&M is no sigicmit influence of the nkiwn Partial

V mmu.. obmwvgd M&i threshol Is locte at 0.07 sm.~ Uhs many be causk-4 by fth fact

doa OMN3 colisons pizy onl a nmir tole due to a large energ ga. Presmably,

the inmuence of nitrogen on =CS is mo irect and occurs via (O excittion.
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4.00

3AO

1.00

O. O "..i :. . . . ...

0.00 0.05 0.10
NWtuant po"a pVaaut. totr

Fig. 8.14. ReIt POIMQUn of OW (001)
gt 4 4dlerent Mtran patioa preemrls

C) Helium

0000 -Helium is used to support

the discharge and is an

effective coolant for the

gases because it has a high

thennal conductivity. The

helUMCa concetuation is

limitd by 6e role it plays

0 as a V-T/R relaxer for the

"V"OUTIONAL UOIAMWTU $JOUe (r)
OCS as well as for the CO.Fig. 8.15s. QO-Hevibrationa-rotaona• cr uau rras.

I Verter 761
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As shown in Fig. 8.15 the V-T/R rat constant for carbon monoxide and helium

ncreaes with mmPmre as well as with quantum numb•n Ths can be explaimd by
4,•

the fact that the higher vibrational qMam am smaller than the lowe ones due to the

anharmonic*ty of the CO potential / Rich 82/. One can infer from Fig. 8. 1s that for the

low CO vibrational levels (approximately v < 8 ) which are needed for the energy

transfer to carbonyl sulfide the temperature is not very important for the range accessible

in this work (200 - 400 K) and the rates are very smaRL The V-T/R rates for helium

and asymmetric sautch mode of carbonyl sulfide have been measured to be 8 * 1 cm

mI=-leclC" se at 295 K / Zittel 88/ which is about 5 orders of magnitude higher than the

3.00 comparable rates for CO - He.

No temperature dependence
S2.50
Sof this rate has been

2 2.00 measured. The reason for this

S1.50 relatively high rate once again

is the possibility of

inamuole uar mSnfer of

vibrational ea mainly to

0.o0o s....6..... . the fourfold excited bending
2.00 3.0 9"0o

sklum pattd prm'urm tr mode. Since this reaction
Fig. 8.16. RAG" of OCS (001) at

atdfeethelium pota prossurats ,ftgumP~dWFw~mts rquires only a small/eneWg

of 43 cm-'. one can expect the change of this rate with tempeatumr to be very modest
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because t energy wifl be available in almost all collisions occurring at the accessible

Smperazurea. A OtffemtW= of 200 X Already equals 139 ca"'. But even with this high

V-T/R rWes helium Is, among the possible Sam to support the dsarg (He, Ar, Kr)

the one with the smallest such rabe. Neveth~ess the hlium PoiceAtuaion is not a very

cridic Parmtr. Fig. S.16 displays a slight maximum at pressures around 5.5 tort.

OTemperature

5.00 Fig. 8. 17 displays the

influence of the temperature.

4.00 Measurements have been

made using liquid nitogen+(77 10, dry ice (frozen CO.,

S2.O0 194 K) in acetone, and ice in

water as coolants. As
~1.00 + l expected, OCS froze out as a

0.00 , . white crystal at the LN2
-o o - -20.00 40.00

ranPmWvw in cow=i10 emanp u`CS, and no OCS
Fig. 8.17. RKd ,v pcphGimof OCS (001) o• t

d ta owetU@ radiaton could be observed at

these ftmperatues. A strong

dependence on the temperature could not be observed.

This is another due for the important role of intramnlecular V - V proces in the

depopulation of the asymmetric stretch leveL Typically, near resonant V-V energy
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transfer shows an inverse temperature behavior whie dho V - T/R processes inCfCase with •

tising mqepera- IURich 821. Tke egligibl • C o dthele a on df OCS

(001) population can be elained as follows. At low teavderm the V-V govered

depopulation of the (001) level into dhe (040) level is mo effective than at higher

tIbpertres. This effect is compensated by the demasing role of the V-TIR telaxation

at lower temperaures. This decrease though should not be very steep as estimated above.

The net effect is the very weak dependence on the temperure, as observed.

3. Interpretation

The investiaions show that the population of the asymmemic metch level of OMS is

influenced by all the parameters under invesmtion. For each parameter an optimum

value could be de•ermined., This optimum value is reproducible in every case for

different sets of the other parameters if these are varied within a reasonable range. To

summarize the above results one can recommend an current of 22 mA, a very low OCS

partial pressure of about 17 mtorr, a Helium concentration of about 5.5 tort, a nitrogen

concentration of about 0.1 ton" and a carbon monoxide concentration of 0.1 ton also.

Eve• if a popuato Invesion can be achived for an OCS pial pressure of 17 mtorr,

it s q eab whee tis tanil amoun of OCS cw cymLa an &d&qu•aw U

sgn• l •in.The psd OCS lae eid pviously opmW h typc OCS

pressures of 300 retorr.

The results seem to confirm the expectations for the excitation of the OCS asymmetric

stretch level. There is a dominant vibration to vibration energy transfer from
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vi'bmdonafy exeiwd 00) to OCS. This is shoown nicely by fte fact that the 005 signal

e aes n dreCCrerv*Is reducedso nthFig. 8..andbytcurrent

.. U.° +ea+s its Opd• • value at & point w. ere CO excaton is favored. HOweVW,

dirpect excitation of fth 0C (001) level by collisions with edco== cannot be negleted

One ccahnalost thin of fte preposed gas inxneas a cabon monoxide laser containing

small amounts of carbonyl sulfide.

The loss of the CO reservoir when the OCS concentration is increased above very slight

amounts indicafts how fast the 005 (00 1) level itself loses its energ. If the OCS would

stay in fte apwsynuic uMtb level for a time comparable to the time the CO remains

vibrationaly excite die overall energy stored in the two molecules would remain the

same even at higher OCS concentrations. An equilibrium at a higher total energy would

be established. The experimental result inidicates that the contrary is uiie. The OCS acts

like an energy sink for the CO population. This could be caused either by the OCS being

a fast vibration to translation (V-7) relaxer for the CO or by a fast internal redistribution

of the energy inside the OCS or both. Information from the literature indicates that the

latter is true as discussed in section 8. 1. The ener is lost by internal conversion from the

ma oy I P ki ehLe0l to the f"uffold excited bending mode which ii n closi

Somewhat similar considertions apply to the 0f N2 laser. In a 0:oNid lae also ft

carbon dioxide parbal press= is limited by die amount of nitrogen available for

,optimum pertormance.&
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Uf•oasM y a good exlmdion of th higher laser level alone does not gurantee laser
eq

opmadan by keff this lvel is dvapulatd vay fast

3) Tno 83 stm radiadin in spofateous umRissln.

EffoM have also bee= made to observe the radiaton fhnm the asyLnfeaic to the

symuneic stetch mode at 83 Iwm in spotaneous emission. For tha puoe die gnaing

in the mo-oehroaia- has been chanpd fium one blazed at 4 miametm to one blazed

at 8 micrometers. Also the InSb detector has been replaced by a HgCdTe detector. These

efforts failed. The reason was that for this transition the spontaneous lifetime is about

3 orders of magnitude longer than for the direct transition to the ground state if the

OCS behaves similar to 003, In CD, out has to conpUC 3 msec with 5 sec / Witteman

87/. Also, the Hgde detector is about 1 order of magnitude less sensitive to the

8.3 ptm radiadon than the InSb is to the radiation around 5 tum / EG&G 911.

C) Attempts to achieve lasing

To observe laser action the following procedure was applied. First, the resonator was

adjusted. Two methods were used for this purpose. The first one was to adjust the

resonator with a HeNe laser beam shone into the cavity through the output coupler which

is partially uansmitting in the visible and subsequent aligning of the mirrors so that the

I* boomear was stected troh the tobe several dimes The secod method was to set

up the laser s a 00i laer. Te total eflector has a reffectvity of 95 S for the 9.6

mloeter band and only 13 % for the 10.6 mimoetr band.hle BaF. windows were

replaced by NaC ones ( CO,, lasing with the BaF. windows resulted in their desruction.

The absorption of the high intra cavity powers by the BaF2 is too strong as seen from
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Fig. 8.5. The window a-soibs 10% of the inta cavity radiation and breaks due to

dIalsdck o I Jas 891) With a stAdad C6 lawrrnmiw of 4.8 tor helium, 0.6

toT nlAUGe and 0.5 ear caboa domde and a cumi of 40 mA an outpt power of 12.2

Was could be atieved esily.

Then the ba=im fluoride windows were put back in place and it was tried to start the

OCS laser with the so adjusted resonator. Gas mixtun and other paamm found to be

optimum for the population of the asymmetric stretch level were used to start with. From

this point on al1 the pameters were varied within reasonable range. Also the adjustment

of the tusonator was chmeked each tine. This experiments were very time consuming and

disappointing beamuse afer the readjusunent' of the resonator at least the HeNe,

adjustment method was needed to realign the mizros Radiation was to be detected with

a HgdTe detector placed directly in front of the output coupler. No lasing could be

dtected at all.

Similar experiments using a mechanical chopper intracavity failed also.
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Using the rates given in the litersa a y sbzq model of the low lying vibrational

"St of cbonyl sufide has been &vdopoe&d. T modd descrbes ft Wma state the

kowes four sumts in die beafdlag mode and die two in Ie ,ted4 laser levels, fte fimu excited

states Of the SYMnimenic and fth asyrinieuic mtc!h mtode Equations (4.1) to (4.8) give,

the differkea equations d= MbiVdie time development of die populations for the.

different states as functions of the total number of OCS molecules. Fig. 8. is shows the

state and vansitions included in the mode.:

= {k Nco +kjNII + 14Ne)G_{keN+ kn., +'14 k A
S-4ko.S•cc + kAf 2•)A +k..NB4  (4.1)

The asymmetric sutetch state (001) fractional population (A) is populated by excitation

from the ground state(000) (G) by V-V energy andsfer from vibrational excited carbon

monoxide molecules , described by the term k°oNcoG. On this term, the first factor is

the rate, the second factor is the partial press=r of vibrationally excited CO molecules.

Similar excitation occurs by vibrationally excited nitrogen molecules, the k7NN2 G

I= IMT di tern descrie ft excitation by eluan collidon The fourth term,

~N.A models dierw n pmO eu1 of tde Oile doe dactivatio of A by electron
"OlsoUS. W. lo4 1 de to qasis• thv decay is Sim by e fd tam. The

sum in the sixth term descIbes th energy a ansder to die (040) states (B due to

collisions with the four different molecules present in the Ila medium, i.e.,carbonyl

sulfide, carbon monoxide, nitrogen and helium. The two loss terms represent the
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A

SO',~c of vibicacal quanta to OD and rjftogea. The Iant wer desaibes the transfer

fO6U die M"O sawe to doe A saw. aft ft abbreviaticn " NsettI. H=r N, stands for

,-kNoaB, + k' N - k54 . (4.2)

Equation (4.2) models the behavior of the (040) states (B4). In addition to the te•ms

alredy appering in (4.1). this state is depopulated by relaxation into the third state of

the beniMn modCe "hiS is descnWbed by &Ce ImM kbNOoB4 wheM kdescibe the

reladawo mae of die bending mode sad N,.is fth MC partial pressure

& = kbNoaB4 - kbNoCB3 (4.3)

"The third state of the bending mode (03bO) B. is populated by relaxation from B, and

depopulated by relaxation to B.:

S=kbNocSB - 4NOaB2 -- kg..SNOBCS82 + ks-.0N=GS (4.4)

Tlb.mDO mis Bhave In addion to du m hnim simiru to di o ns Ir die hlr

sate of the bending mode a coupling to the rynmwuic stetch mode (S). This is given by y

Se lastw team in eqaion (4.4) whih descrbe the forward and the reverse processes:
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Ab4NocsB 2 -k4&ocsBt +O IV*G - k.,N.oV (4-5)

Toe ows U AK S in doe bwaaig mode B, one. again under"oe die two Wypca processes

for die berAdng snode. TA addition to dies pmeesses tipc Pa ecitatodo from die pound

sm Is also possible as well as doe svems process

=k8.4.SNOaSGS2 + leeN~G - kS.-,eIVOCSGS - k~aS - OkDtMS - kee

(4.6)

The symisieme ureteh amz is populated by V-V processes from the second state of the

bernding od as well as by demeon excitation from the ground stawe Depopulating

mecfanisms ame the reverse process to the V-V couplng semi in (4.4). spontaneous;

radiative decay and V-T relaxation to the, ground state. Also thee is relaxation induced

by electron collision as described by the last term

--~G(keA + kes+ 0,)N - {kffNco - kgý N, I3 G +k6 NoaB i + k!IS+

CO {k02S NJ- a ,d} (4.7)

MW Voa wt 0 finaly abows die maven rafts to Al de tons connecting it to the

other stases that have been &isesse above.

The conservtion of partcles demands:

G+A +S + B,+B2+ B 3 + B4 = 1 (4.8)
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Additonal proceses that an not included in the model ae, for example, various

couPing Pwocems between the asrymea str! mo& and te (12'0) and C200) sates

as well as die coupling of dhe (200) stIle to the (04%0) stwes. But diese processes ar

char!.tzed by faly large ener mismathes so that they pmbably less l thn

the included ones. In any case ther are no dasa avaiable for dhs processes. Mare

important is the neglect of the excitation of higher molecular energy states by electrons.

No data are available for such processes, so electronic excitations had to be resuticted to

the lowest states of each v'bati*oal mode. The neglect of processes involdng any states

above the (040) sates also is a major *on that can only be justified as an

approximation. Fmally interaction of particles with the walls is not included in the

calculations. Nevertheless, this simple model gives some insight into the internal

processes in the carbonyl sulfide molecule, as it includes the dominant paths among the

lower states.

The above equations were solved using the fact that the time derivatives vanish for the

steady-state case. Solving the remainig homogeneous set of linear equations gave the

fMowig popuados for *A exletd levels in tePmP of te gpound sate population:

*•kbNoa + k.#,,,N, - - .(4.9)

3224
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• .,d• "'" "N~~. "a..~.. "4~ .4 4"' o ' • .,b. -", i (41B3 B • 4 (4.10)

S 2 =G '

Bs = B2 + *"" .. G (4.12)&ONv= +0.,..N,-,#,

A = .... NCO N2 ,N2.... G (4.13)

S =e ,,*.**,*• .G (4. 14)

A problem occurs since not all the rates needed in this model have been measured. StI,.

it is possible to obtain some insight with the measured rates and other estimations. The

following is a short discussion of the values used and their importance:

All the known rates have been measured at room temperature and no temperature

dependeme is available for any raze.

r 257P 103.-4 torr" Hancock 741 Ths vay fast ra desibes the

dodmpc lce for th popWa i of t A e.

*ý = 25.7*11'f •O".Ti rate wa obaiein aum, u coplicafed way out of

Sohn's result (Table 8.2). and the ussu~ption that the electrons show a Maxwelian velocity

distribution. Detailed theory and measurmutment show that the actual electron velocity

distribution departs from Maxweflian because the electrons are intracting with the gases
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and we prefreflU~ly losing energ at ceraui velocities INighan 72/ On dhe other'hand

Sohn only gve r, a.on at selecod energies and die averge kinetic ener,. is only

approximately kdIown as discussed above Tbomedamde inclusion of the tefinement of

more ACCwr~ft electon energy distibudons is unreai~stc. Toe overall cross section for

exciting the different states was computed from dhe velocity distribution and the

energy-resolved cross section with the total electron density determined from the current

and the tube dimensions giving iforiations about the total electron density. The

absolute value of this rate is not as important as the compruison with the electron

excitation rates for the two other low lying states.

0NN- = 901Wo st ton" and N,,-. 5o.4*'1Os 4 toe'. The reverse rates were

calculated by the demand for a detailed balance with an electron temperature given by

the mean electron idnetic energy of 1.28 eV = 14848 K.

kr-, = 322 s" . Ths is the inverse of the spontaneous lifetime given in Section S. 1.

The bending mode relaxes with the alredy quoted overall bending relaxation rate

constant k,=(800 +/- 400)* UP s- tor" /Zinl 88/. Once again this rate is just an

overall rawe including V-T/R and V-V processes in the bending mode. It has also been

only .mcaswd in pure OCS. The influence of other gases on this rate is not known.

Since tdo b5adang rdeadon is in pan atwo-body pcess and it depends on the amount

of OCS in the bending nwedes a far a de V-V pan of dds overall rae U conceed,

there is considerable uncenainty in this rate. Therefore,we multiply this rate by the OCS

partial pressure, because one can assume that the major fracdon of the OCS molecules
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remains in the ground smia. In the numrical modeling tee crta nties must b

Niestiate St,•sO

Ile filling of die Saus= by the 16 sate is de=cube by ks-.al ==22 4' tonr for OCS as

a colliso pam . Heliunm Siv a rate of 108 94 tm= -. T7e eveue raw is determined by

the detailed balance requirement I Mandich 80 - 2/. This rate actully describes a two-

body proc=ss:

OCS (B2) + OCS (G) OCS ()+ 0C (G (4.15)

In order to keep the equations linear, I make the assumption, which is justified by the

calculations, that most of the OCS population remains in the ground state. Also one has

to test the possibility that the OCS (G) molecule can be replaced by another collision

parner. No rates are known except for the ones mentioned above with helium as

collision partner.

I neglect the other possible relaxation channels, e.g. a possible coupling of the S and B,

state, in this first model as well as the very slow radiative decay of the S state, which is

described by ke= 0.83 s7'/after Maid & Wells 91/.

The S state is coupled to the ground state by electron induced collisions only.

Mw mm ctnoltlc paits o ar the rates of exchanp between the A and the B4 •mts. Hem

P Only et raft ae nea (see Table 8.4). Since in the &a fomla desribingdte

population of the A state the ratio, and not the diffe ce between the forward and the

"reverse rates is used, furthe adjustments of the model have to be made.
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Tee are two equations descibing these two rates: The first one is tbe detaied balance

kA,-a,/k,..A =e Ar = 0.82 (4.16)

The n*Wlt is given for room otnyeranhr. The second equaton is the known diffe.rnce

between the forward and reverse uies:

{kA..,A - kt.B 4 }NcI = Kawwt (4.17)

The rate K..,. consists of a sum of the measurrd rates for the different collision partners

times their pardal pressures in the gas mixure. With these two equations it is possible to

determine the two desired rates, which wi4J depend on the gas mixture used if A and B,

are known. But A and B4 depend on thee raes. So an iteration process had to be used.

The model was calculated as described above with some input parameters fulfilling

equation (4.16). Then the relative populations A and B, were calculated with the

complete model; with these values the two rates were recalculated according to (4.16)

and (4.17). These new rates were used as the next input to the code.

Thik iteration process gave the following results:

Virst, the exchange of energy between the asymmetric suaeh mode and the fourfold

excised beading mode is vwy fa. Actually with this calculation no convergnce. could

The mor irmonant result is that the ratio of the populations of the asymmric sretch

mode and the (040) states is governed by the Boltzmann factor:

B 4 /A =i 1  = 0.82 (4.18)
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This conclusion results in a modification to the code. The A and B4 swts will be teated

as one single staxe A' consisting of 55 S A ad 45 * B,. Siame the rie with which both

"*sub staes" .ansfer enerv to othe stes is by far slower than the internal tmrasfer

inside the new A' sta, the ratio (4.18) will be obeyed at all tim.

The modified model also includes a weak coupling of the B, and tf S state which is

discussed by Mandich I Mandich 80-2 /. This coupling is mainly inu'oduced by helium,

but other gases like carbonyl sulfide can also cause iL The rates for the -ansfer from the

S to the B, state a•e given to be 29 s" tor•' for OCS and 47 s" torr' for He. The reverse

rate is detwrmie by detailed balance.

The modified code incorporates the simplificadons discussed above. It is described by

the following equations:

4M {kNco+k o N , +kNG
-0. 55 {kd+J4,,N + ko&N'o + k;cSNt2 },A'-o. 4s kbNocsA (4.19)

a = 0.45 kbNocsA' - kbNoCSB3 (4.20)

* = kN : C- kboB2 - ks- .*SNOcSBa + ks.*NocsS (4.21)

,= kboBa-kbNocsB i + keNeG- .,N Bi+

+ i4.,NS - kg l,Bl (4.22)
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° Pt° • . .

S ... ,..

S= ka...s•oa2 + k-.N.G - k oS- . .+
+ k'•N,B A: - .j4•NS (4.23)

+(t.~ + kbNocs}B I +kOeS (4.24)

Also, equaton (4.8) holds.

Solving the above equations yielded for the individual excited-state populations in terns

of the ground state population:

Oi5{&gW O''N *k oC0~~4&oNpI + OA.Nak~~

A 0.55A` (4.26)

B 4 =0.45A' (4.27)

B 3  B 4  (4.28)

S = *~ ~*( 4, G

(429)

B2 -w.6 (kbB3+k " S) (4-30)
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"I ~ A *bA5dN~a~kb, )/G+*.A~J~a~&&*~'~" G (4.31)

Using the preeding model results. calculations for diffemnt means of excitation ire

discussed:

- Excitation in pure OCS in a discharge.

The excitation of pure OCS in a discharge has been modeled by neglecting all txn

describing interactions between OCS molecules and other types of molecules such as

helium and carbon monoxide. Teror, this run of die code does not include any

4% 46%

2%; 44%1

2%;I00 00

a) Raio AtS -- ' """s' b) Population of S state

2% 4

I'I

•m. 3. amo,

4) Popl:ation of Bs •,.
C) Populaon of A stit4

Fig. 8.19. Pure OCS discharge. Populations in % of the total OCS population.
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pum.ping doe oo V-V Uide fom CO. Fig. 8.19 Shows Som, e of the M.u. t The first

ranuk 469dma Isr is o pqmulation veniain in=QC due to ekeawwwiladon. As a

uinr setf di. popqlatio ofthe S st is mmre than 20 dnm higher thn that of the

A ste. There are several reasons for this. At first the rate for deactivaron of the A state

due to elecron collision is higher than that for the two other a,-s coupled to the ground

state by the electron interaction because of the higher gap in energy. The second reason

is dtat both the A and B, sof are depleted due to the fast relaxation in the bending

mode. The S sate. on the other hand, is just weakly coupled to the bending mode and

thus =-aces the highest steady state population of the cxcited ames. Fig. 8.19 gives the

percentage of OCS molecules in the A, S andB, states as well as the ratio A/S.

- Excitation in pure OCS by optical pumping

The next situaton under investigation is pure OCS that is optically pumped. Fig. 8.20

shows the population of the key states and the A/S rate, plotted against OCS partial

pressure. No population inversion is predicted for this case also. However, the ratio of

AIS is more favorable here than in the discharge case discussed above. It reaches values

up q* 40 % ad Is h d adonto the o ntn&ita y of thep u gmdi ado This can be

eafty a be se intensty of the puRt naato orny dmemines ft

population of the A state diretly. Then the energy will redistbute Inide the molecule.

But al these nUdisibutions are determined only by ratios of rates, not by the toul

amount of enery available. Once again the S state is the excited state with the higes

population, because of the way it is coupled to the bending mode: About 90 % of this
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15%

.5%

I 0%, 0.

3) Ratio, A/S b) Population of S stt

4%4%

4%%
22

0% 0%

c) Population of A stae d) Population ofB, state

Fig. S.20. 005 optically pumped. Populations in % of the total 005 population.

coupling in 005 is to the B2 level, the rest to tie B, level. So in a first approximation the

S and the B., state get into an equilibrium that favours the S population because this state

has the lowe energy. But the B.2 state has almost the samne population as the B, state

bicam AU do. eaerM Weaxing throuh fth bending miode also has to pas this state. The

24 wi an doe odier hand coutain 82% Ste populatiof do tA swis.Therefamedw S

am wi obt.n a haher smady4taft popuai than 6t A SOL. usao imWo

occwi. Toe weaker coupling to the B, state'he lowea ths diffeec because th S

sate has a higher -rAcMg than die B I state 'This change is not suog enough to change

the overall picture, however.
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To Suawnstz. oam can say Wist doe auerm anweinS dke Molecue in the A Stae gets lost

in rsp deey• uto n dre bm op w& But. Am er-b =f mO& is Wop" tOi .s-

swf dids s• wm be papuawd A o. Dot to dhe nom of d& invacdon the S state will

obtain a higher populaon than de B stims and thus tha de A stua. me prooe=

are indepedet of both the

40% -" inmnsity of the pump

35%- radiation as well as the

OCS concenaaon.

SSince the coupling of the S

Fig. 8.21. ,•aioA/S 4toYA A.eZ pts t- s with theBstu
OCS optically puvlK4.

increases in the presence of

belium, as Mandich points out/ Mandich 80-21 , the influence of helium has been

invesatigted also. Fig. 8.21 shows that helium tends even to decroese the ratio A/S. The

reason for that is that He also increases the coupling to B2 state.

40 - Excitation by V-V energy

eu fiwn ndeCO

•nSpon is the pumping

h.p. .--- A. of OCS by vibrationally

Fig. 8.22. RioA•So •oMSdp ndi fotHe parlP"urc
OCS excitationl by 00 V-V tansfe, excitd CO. The CO

excitation might be due to
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op,. pumping with a 00 laser. For.d. e code this case only differs from die direct

opdc!l pum*in by die Inwance of *~ CC0 molecules an the rans connbecting the

dSfrn OCS levels. In this casn die relative population of the states in consideration

does not depend on the pautial pressure of OCS. No inversion could be observed& For the

case of 5.5 torr of helium and 0.1 torr of CO (10 % of which are vibratnonally excited),

the relative populations for the A, S. B" states are 5.5,18, 4.5 % respectively. The

dependence of the ratio A/S is shown in Fig. 8.22 for varying He partial pressure and in

100%

0%0 Q M 0.04 O.0

* Fig. 8. 23. Mi, AIS depending on the partial pressure
of vibrationaly excited CO (torr)

pig. 8.23 for varying CO partial pressure.

-Exchatioin an Oa -C0- N2 -Hemixture in adischarge,

Tabs d*A acOa siuaion ooth iq dudig th e experoimets perfoarmw e calculation s

cow again do wot show a population inversion. The ratio AIS is displayed in Fig. 8. 24

depending on the partial prsures of helium, carbon monoxide and carbonyl sulfide. the

dpuence of the O partial pressure on diff.ret key states is shown in Fig. 8.25.

333



a) Cubon tflof2ds b) Cubosy1 Sufd.

40%

20%ý

Fig.8.a) Pkoplto ofS 4%CUSýRd statt b) S P aion of A sta~itez

25%

a GAI

c) PopulatoU of B, wt b) Population of A~ Mtte
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5% 4%6

a) (ao nouMOA b) Helium

Fig. 8.26. edsative A State pulation depending on die different gases in the

Fig. 8.2S b) illusuates the population of tih A suie dependence on dte OCS partial

pmstes These figures can be compared directly with the experimental results. They

show, at keast qualitatively, ft sau behavior. As shown in Fig. 8.10 ie relative

population of the A state decreases with increasing O partial pressure. But the

expefimental decay is a lot faster than the calculated one. In the experiment the OCS

depleted the CO reservoir which is shown to be the major source of A state excitcion. In

the calculation the CO excitation is fixed at 10 % of the also fixed CO partial pressure.

One should, therefore, tLke a look at the A state population depending on the CO

avaib Fig. 8.26 a) shows a shap drop in the A s population with decreasing CO

commi. T cuusmn be in qualicave saeement with te

"11 pimel t In -it s i ase. t Influence on the CO paia p SMs is not In agrm=t

with the mwaured dependence on the CO partial presse. The reason for this is

probably die fact tha in fth.calculations a fixed 10 % of the CO is excited and able to

mnsfer energy to OCS. In the experimental situation, however, though the fa t, that
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xcite CC), namely affon and m ito=eM parial presure, remain the sane. Probably dhe

The influence of the helium partial pressure as given in fgure 16 can be compared with

Fig. 8.26 b). The initidal rise of the OCS A xtM is also observed in the expcr=nt But at

higher pressure the model predicts a saturation while the experiments indicate a' slight

decay. The reason for this might be the influence of the helium on the vibrational

distribution in carbon monoxide as well as on the electron energy disnribudon function.

Such dependence on processes external to the OCS molecule is only included in the

code as outside parameters. The experimental evidence for a decay is fairly weak. One

can conclude that the model reproduces the most important feature of the influence of

the helium on the A state population.

-Limitations of the model

There are two classes of weak points in the model. The first class consists of inaccurate

measurd rates, expeimental uncertainties in ra•s or unknown rates. The most

i t a m ,emu w in dts dizection is th influence of fd CO on tie inu'amolecular

uam cIOCS. Mae modeljust asums ddis to be te ms as thof OCS ielf The sun

had to be done with nitroe since no rates for OCS and nimoea have been measured at

alL But still a variation of this influence did not change the qualitative results of the code

unless there would be a very substantial difference between the rates for different

OCS-OCS transitions. A population inversion could just be achieved if there would be a
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fas te connecng Ce S Sta with the B, than with dte B2 state. But this is not even

U.t in the csM" of helium and thft is no evideam such as a re• ac between 00 or jN

with tis ansidon.

The second class of weak points consists of ignoring inteactons. For example, there arm

just seven states included in the model although therwe am reasons and evidence that

more states are populated in OCS. The first state neglected is the second vibration in the

symnmeuic stretch mode-, but theme are several other states, such as (120), that could be

included also. The interction of the elecurons with higher levels is also neglected

although these interactions have been measured in part I Sohn 87 /, and the observation

of visible radiation from OCS proves their existence. But once again no sufficient data

ar available and the amount of OS in higher states can probably be neglected. Also,

most of the excitation would end up in the lower levels of the bending mode and)

therefore, not improve the situation for a population inversion.

The next paraneter which was ignored was the temperature. It was fixed to 295 K in the

calculations. A temperaturt dependence has not been measured for any of the rates. Stl,

it hifay unliely dta a chano in tenperan would Sive a population inversion,

ar became ft deied blancrequ ent would favor dre S se ova the A ste at

every temperature. Once again it would make a differce if helium would increase the

S to B, coupling at lower eperatur•. But this is also unlikely because this u'ansition

requires a fairly large amount of energy. Also, the experiments did not show a significant

influence of the temperature on the A state population.
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*Pulsed lasing in OCS

Mthuo gno Ume dependent calculations have been made, owe cn explain pulsed laser

populate the A saute of OC with a higher me than the S stL Tom methods hIclude

optical pumping. V-V energ tranufer a elecmo excitation. At very short tmes after

populating the A state by one of these methodsinapulsedmode,the Sstatewiilnotbe

populated at all or, in the case of electron excitation, populated much less than the A

state. A population inverion can clearly be obtained. But as the A st•e relaxes through

the bending mode.the S stue will slowly fill up until equilibrium with the bending mode

is readied. In dw course of this relaxation the population inversion will vanish. So the

OCS molecular laser appears to be a typical candidate for a pulsed laser.

-Comparison to 002

In carbon dioxide the situation is very different. Here the S state is coupled strongly to

the fast relaxing bending mode in Fermi resonance. The A state, on the other hand, is not

coupled to the bending mode at all Therefore, the situation is much beater. The upper

stm bo a sladvely log lifetime while the lower laser level is coupled to the fastest

Mraid mode antik onis mtion gsans the supezior #adnacwe

of the C0 2 lawr.
sI

- Conclusion

The model calculation seems to be in qualitative agreement with the experimental results,

and gives some insight in the inuaamolecular energy transfer mechanisms in carbonyl
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sulfie. Various ways of excitation have been modele and in no case could a population

Inversion be modeled.

This is explaine by'the umog coupling ofth asynmietr stretch stae to the bendig

mode which has the fastest overall relxaon rawe by some ordlers of tiiqniwe The

conclusion is dia ow-equilibrium exists among die four lowest levels iW the bending

mode and the asymmetric stretch state The symnmetric satetch state is coupled weaky to

the second bending mode and theefore becomes populated, too, Due to the equilibration

process between the latbar two states the symmetric stretch obtains a higher population

than die asymnmeuic sareth mode. Therefore no population inversion can be achieved in

fte smedy-mat regime

These conclusions are not totally definitive, We cannot say that no OCS cw laser will

ever be possible, since the code has several i•nitations. But one can cerainly say that an

OCS ew laser is very unlikely to exist.
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s s CONCLUSION AND RECOMMENDATIONS

The energy transfer processes in carbonyl sulfide have been invtstigated both

cxpeimentally and with a kinetc model. A resonator has been set up to achieve

amplficaton of the (001) to (100) transition in OCS. The thoretcal as well as the

experimental results suggest that no population inversion can be obtained. Thi reason

for this is the fast energy transfer out of the asymmtric sutetch mode through the

bending mode. The coupling of the second level in the bending mode with the first level

in the symmetric stretch mode results in a high population of the latter level. Therefore

no population inversion can be achieved in the steady-state regime.

Still it would be interesting to do further experiments to obtain additional rates to

"him the model The coupling of the symmetric stretch mode with the bending mode

in coftws with O Wd N3has ro been investi yet. Also, the coe intwodces dte

posbty of a population inversion in OCS onanother t.ansition. In case of a vey fast

optical or V-V pumping of the asymmetric stretch mode with a rate comparable to the

relaxation rate.of the bending mode, the four lowest levels in the bending mode, the

ground state and the (001) state could equilibrate. Then a population inversion of the
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Ssrc hid level with the ground sta would be achieved. Further investigations

in this direeon might be interesting.
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9. MODELING STUDIES I:

Strong Vibrational Nonequilibrlum In Supersonic Nozzle Flows

° Contents of this Chapter adapted from A. Roany, C. Flament, J. W. Rich, V. V. Subramaniam, and W.W.

Jr., "Strong Vibrational Nonequilibrium in Supersonic Nozzle Flows, AIAA J., 31,119-128 (1993).
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In±La.rLou.cln

Chemically reactive flows of compressible gases are extensively studied, with interest renewed

by current hypersonic flight problems 1 "3, nonequilibrium molecular electric discharge reactors 4 ,

and investigations of new gas lasers5 . In each of these applications, it is recognized that, in addition to

chemical nonequilibrium, nonequilibrium of the molecular vibrational modes can often be a major

influence. This is particularly the case in thermodynamic environments in which the translational and

rotational molecular energy modes are maintained in equilibrium at a relatively low temperature,

while the vibrational molecular mode(s) have high specific energies. Such environments are commonly

realized in supersonic expansions of gases at high stagnation enthalpies, in molecular electric glow

discharge plasmas, and in optically pumped molecular gases. In these cases, inelastic collisions

exchanging vibrational energy can create extreme non-Boltzmann populations of vibrational energy

states; these are so-called "vibration-vibration pumped" environments 6,7. Historically,

vibrationally nonequilibrium flow environments have been the subject of detailed modeling for certain

gas and gas-dynamic laser species 8-10. Such studies have, however, been largely confined to

investigations of relatively low-lying vibrational states, and, in the case of chemical laser flows, to

chemical processes directly relevant to pumping a vibrational population inversion.

The present study addresses the processes influencing the populations of very high vibrational

quantum states of diatomic gas molecules in nonequilibrium gas dynamic flows. Specifically, while it is

well-known that vibration-vibration pumping processes can populate high vibrational levels, the

mechanisms which limit such up-pumping, which include chemical reaction and vibration-to-

electronic mode energy transfer, are only beginning to be understood 11-14. We report here detailed

modeling studies of supersonic expansion flows of CO and N2 , with energy transfer into low-lying

excited electronic states. We discuss the nozzle conditions which create extreme upper vibrational state

disequilibrium. A critical survey of recent theoretical and experimental vibration-state-specific

energy transfer data for these species has been conducted, and relevant rate data incorporated into the

kinetic model. Three major applications of the model are discussed :

1) Isotopic separation of 1 3 C by V-V pumping; related separation processes can occur in other

molecules.

2) Possible vibration-to-electronic (V-E) energy transfer lasers, such as CO to NO, or N2 to NO, and

other systems.
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3) Poesgibl electmonc-to-elctronic, (E-E) energ transfer lasers.

A computermodelin code ha bee developed and applied to these problems Th code includes

kinetic equations for vibrational level populations of up to five diatomic molecular species, including

excited electronic states of some of these species. The kinetic equations are fully coupled to the gas

dynamic conservation equations.

The details of the model are outlined, including the governing equations, the specific kinetic rate

models, and the method of computer integration used. We discuss gas dynamic nozzle design to maximize

populations on very high vibrational levels. Then, we present computed results, and give a brief

summary and review of model extensions currently in progress. An appendix gives the detailed analytic

rate expressions used.

Modsl

The rapid expansion through a two-dimensional planar nozzle is modeled with a quasi one-

dimensional approach. The flow is assumed to be inviscid and compressible, and we are only interested

in the steady state solution. The translational and rotational energy modes are supposed to be in full

equilibrium along the nozzle, so that a single temperature can be defined for these modes. This

approximation neglects the extremely short relaxation times for rotational and translational

equilibration (processes typically requiring a few molecular collisions).

The vibrational energy modes can follow a non-Boltzmann distribution, and take into account the

anharmonicity of the molecules. The diatomic molecules are electronically active and each electronic

state is counted as a separate species. The monatomic species are treated as simple diluents that

participate only in vibration-translation processes and chemistry.

b

The mass conservation equation for quasi-one-dimensional flows is:

(1) puA=constant

where u is the streamwise gas velocity component along the nozzle, p the density of the gas, and A =

A(x) is the cross sectional area of the nozzle.
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The conservation equation governing the population of the vth vibrational state of the diatomic species i

is:

(2a "Y. = VWiv + V'ri" + vEv + .E•v + $1RDv + CH:M•
(2a) mi dxS +

where mi is the molecular mass of species i, Y. =P~y / p is the mass traction of the vibrational state

v of the species i and p j. v is the density of the species i in the vibrational state v.

The right-hand side of this equation is the sum of various inelastic collision processes which

change the vibration state or the chemical species. "VW" represents the sum of the rate processes

changing vibrational state by molecular collisions which exchange vibrational mode energy (vibration-

vibration exchange). VT and VE, represent changes of vibrational state by exchange of energy between

vibrational modes and translational/rotational modes, and between vibrational and electronic modes

respectively. "EEO represents the exchange of energy between two electronically excited molecules by

nonradlative collisional processes. "SRD" represents the change of vibrational state by spontaneous

radiative decay processes. Finally, "CHM" represents changes of state and species by chemical

reactions. The details of these expressions are given in the Appendix.

The conservation equation governing the population of a monatomic species m is:

pu dYm - Cmvi
(2b) - mmMdx

The momentum and energy equations, where p is the pressure, and h the enthalpy per unit mass of the

mixture, are given by:

(3) dp + Pu d

dx(4) -h+ u=-q

where q, is the energy sink due to radiative transitions which are expected to be optically thin.

Thermodynamic 2ouations:

The average mass and pressure of the mixture, respectively, are:
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(6) p=£kT

where k is the Boltzmann constant.

The average enthalpy per unit mass of the mixture is:
•4

5kT Y".. .
(7) h-L-+- (kT+E,,+hi)+"Y.(T¢m+h)

where El,v is the internal energy of molecule I in vibrational level v for a given electronic state, Tei is

the electronic energy and ho is the heat of formation per unit mass of species i. Ei'v is given by:

(8) Ei, -=Tei + oei(v + 4)- oeixei(v + If

00ei and xei are the spectroscopic constants (fundamental vibrational frequency and anharmonicity,

respectively) for the molecule i.

SsM of O.D.E. solved:

Additional assumptions include constant average mass g. (which is justifiable for the reactions

under consideration here), there is only one monatomic species m, the radiation energy sink is

negligible, the effect of the enthalpy of formation on the mixture total energy is negligible (the

products are assumed to be in very small quantity).

With these assumptions, the previous equations can be written in terms of the derivatives of the molar

fractions, X•. -Yi.± /m 1 of the velocity u, and of the translational/rotational temperature 1:

(9a) pu A = constant

(9b) X- = I X,
i.v

dXi.v =-E(v + VT' + VEv + E + SR.D' + CHM,)(9c) dxi pu i

(9d) d =-
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_IdA+(g.) ýLT{1T.x d g+T CU' ddux)d

where M is the Mach number based on the frozen speed of sound and (D is a function which couples the

equations of gas dynamics to the kinetics:

(0Oa) M=

(lob) a 2

"V

(10c) ,i.,['.
i.v

Numerical aooroach and apDDlcations:

The nozzle consists of -mo linear profiles for the subsonic and supersonic expansions. The zone

near the throat has a parabolic shape. Immediately downstream of the throat, the supersonic expansion

is straight-walled, with a specified expansion half-angle. The influence of an additional constant area

channel, downstream of the expansion, is also studied; the location of this channel extension is varied

parametrically. In our calculations, the stagnation conditions are chosen to be those generated by a

shock tunnel, typically : TO=2000 K and P0 =100 atm. The gas is chemically, vibrationally, and

electronically active. The set of the fully coupled equations is solved using a "stiff" equation integrator:

LSODE 15,16.

For the cases studied, which include several vibrationally active species, this system

represents between 100 and 200 stiff equations. They have been integrated from the subsonic section

through to the supersonic-hypersonic expansion. The integration through the throat represents a

singularity; in some previous calculations, this has been avoided by assuming that the gas is in

Boltzmann equilibrium at the throat. Our calculations show that the flow through the subsonic channel

creates an out-of-equilibrium vibrational distribution of the molecules at the throat. The vibrational

distribution of CO is plotted for a 150 half-angle expansion nozzle at two locations : at the nozzle inlet
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where CO is at equilibrium, and at the throat (fig.j.1 and fig.9..•. Other run parameters are specified

on the figure.

Since there is clearly a small, but not necessarily negligible nonequilibrium effect at the throat, we

have chosen to integrate the system from the subsonic section to the supersonic expansion. An initial

Mach number is calculated at the inlet of the nozzle; it is determined by considering the isentropic

expansion of a non active gas (y=1.4). This inlet Mach number is changed each time the Mach number

decreases during the expansion. An iterative scheme is then set up, using a halving method for

calculating the new inlet Mach number.

Design for hlih V-V uo-oumRing

Effect of the mixture:

When expanding pure CO through a 150 half-angle nozzle, the vibrational distribution of CO

begins to show strong non-Boltzmann populations downstream of the throat. For example, as shown in

fg.Li.1 there is a considerable up-pumping of populations for levels lying between v=8 and v=26 at

the nozzle outlet. As shown in fjgLj and fjgU,•, V-T relaxation is active downstream in the nozzle, and

is increased if the stagnation temperature is raised from 2000 K to 3000 K. Argon is added to CO in

order to decrease the V-T relaxation; this is possible because the V-T rate for Ar-CO is less than the V-

T rate for CO-CO. Ar acts as a coolant in the mixture, and allows CO to be more strongly pumped on its

vibrational levels below v=25, as shown on ig.tj... It may be noted that partial vibrational population

inversions of the type shown, produced in supersonic expansions of CO-Ar mixtures, constitute the

typical "gas dynamic" CO laser environment 1 7, which was first studi.31l both theoretically and

experimentally by McKenzie 9 .

In order to study the effect of the V-T relaxation and to assess the effect of possible impurities

present in the mixture, we have calculated the CO vibrational distribution when the mixture consists of
4,

CO, Ar, and H2 . Figj. shows the vibrational distribution of CO expanding in an optimized nozzle for

several percentages of H2 in the mixture. The CO-H 2 V-T relaxation is very fast, and as the percentage

of H2 increases CO is less excited on its high vibrational levels. It appears that, for less than 1% 142;

CO remains highly excited. We are presently reviewing CO-H rate constants in order to investigate the

relaxation of CO by atomic hydrogen during the expansion; H relaxes CO even more efficiently than H2

does. Such studies are necessary since possible water vapor or hydrocarbon impurities can partially

354



dissociate under some nozzle plenum conditions, providing H2 and H which weaken the influence of V-V

up pumping.

Dramatic nonequilibrium vibrational energy partition has been observed when expanding a

mixture CO-N2 -Ar. The average energy per particle is plotted on fig.9LLI for CO and N2 expanding

along the nozzle. The energy is significantly transfered from N2 to CO during the supersonic expansion,

which enhances the excitation of the high energy levels in CO (jgi,.•. and jjgj&. This energy

partition is a consequence of the well-known preferential transfer of vibrational energy from the more

widely spaced vibrational quantum levels to the more closely-spaced vibrational quantum levels in V-V

pumped systems 6 . In this example, the higher the frequency, more widely spaced N2 levels transfer

energy to the CO. It should be noted that the N2 distribution of fig.L.5, which now contains relatively

low energy, displays the total population inversion over some states which characterizes so-called

"weak pumping" cases 4 6 . In most subsequent calculations we use mixtures of CO-N2 -Ar to provide

highly pumped CO vibrational distributions.

Effect of the nozzle geometry:

In most numerical simulations, with a mixture providing pumped distributions of CO, the first

few vibrational levels have a high density compared to levels of about v=25-30. In order to drain

vibrational quanta from the low levels up to the high lying levels, one has to flow the mixture through a

constant area channel, thus stopping the expansion in the supersonic section. The combination of the

nozzle and the additional straight channel is referred to here as the "optimized nozzle". The location of

the straight channel is found by considering the energy transfer curves (fig.j.. to figI9L.). For the

mixture CO-N 2 -Ar which we have considered above, the energy transfer curve (fig..Lj..) shows a

saturation in the transfer 20 cm after the throat; we choose this location for stopping the supersonic

expansion with a straight channel. Fig.9.5 and figB& show the vibrational distribution of CO expanding

in a nozzle without a straight channel (regular nozzle), and in an optimized nozzle respectively. The

improvement is obvious; with the optimized nozzle, although the low levels are less populated. the

distribution is pumped up to level v=38 instead of v=30 with the regular nozzle. The effect of the

straight channel is also demonstrated on [QU with a CO-Ar mixture.

Clearly, the present inviscid, shock-free calculations represent an optimum which can only be

approached experimentally by a carefully contoured nozzle design with due allowance for boundary-
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layer displacement. We note, however, that CO gas laser experiments in a relatively low density,

planar 150 half-angle nozzle produce a supersonic near-isentropic core which approximates the

velocity/temperature distribution given by the model1 8.

Result#
4.

The following diatomic molecules are investigated. Unless indicated otherwise, molecules are in

their electronic ground state :12C160, 1 3 C 1 6 0, CO(a 3 n), N2 , NO(X2 f1), NO(B 2 1). Simplified energy

level diagrams for the CO and NO species are given in fl.g.L12. Ar is added in most mixtures. C and C02

appear as reaction products; they can relax active molecules by V-T transfer.

Both isotope separation and energy transfer laser applications involving excited electronic

states (V-E, E-E, chemical reactions) require that relatively high vibrational levels of CC be

populated. In most cases, we require a density of about 10"5 N0 for vibrational levels of CO from v=20

to vz35, No being the number density of the vibrational ground state v=0. Our "optimized" nozzle

expansion will cause energy transfer processes to give such high populations on the upper vibrational

levels.

Isotoe seoration:

The basic mechanism of the separation of 13C is the following: a vibrational energy transfer

occurs from 12CO to 1 3 CO; fojg.Z2 and fig 1L7Z show the evolution of the average energy per

particle along the nozzle for the two isotopes. The energy is clearly transfered from 12CO to 13CO. This

is again an example of preferential transfer of vibrational energy favoring the lower-frequency, more

closely spaced quantum levels of the 13 CO 6,7. The vibrational distributions of the two isotopes are

plotted in fogj9.8 and fig.9.. for the case when N2 and Ar are added to the mixture. The vibrational

distribution of 1 3 CO Is pumped more efficiently than the 12CO distribution. The natural abundance of

13CO is 1.1%; the percentage of 13CO in CO versus the vibrational state is plotted in igi.,L1Q. There is

a preferential excitation in 1 3 CO for some states occuring in the mixture; the maximum is at v=10,

1 3 CO representing about 8% of CO in the state v=10. The best case is obtained by using an optimized

nozzle; the straight channel is located 20 cm after the throat. A 0

An enrichment product can be obtained by considering the following reactions 2 9 , which take

place all along the expansion :

CO(X' v) + CO-+ CO 2 +C
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CO(a 3rI, w) + CO-+CO 2 + C

The reactants are either 12C0 or 13C0, and the products are 12C, 13C, 12C02, or 13C02. From

earlier experiments 1 9, the channel forming 13002 seems to be the most probable. We are presently

introducing these chemical reactions and energy transfer into the first excited electronic state,

CO(a 3 n), in the code (see the following subsections). The model can be compared with experiments in

which the C02 produced during the expansion is removed with a liquid nitrogen trap, and the actual

enrichment in 130O2 is analysed2 0 ,2 1 .

The effective activation energy of the preceding reactions is about 6 eV, which represents a vibrational

level of about v=25 for CO(X'E), or a low lying vibrational level of CO(a311) Thus, it is necessary

to transfer as much energy as possible to 13CO in order to provide the required activation energy. It

seems that if we can provide a fair density of 13 00(v>20), a high enrichment can be reached.

The limit v>20 is somewhat uncertain since the rate constants of the chemical reaction, and of the

electronic transfer from CO(X'X) to CO(a 3 '), are not well known. Further experiments presently

underway, when compared with the results of this study, should enable assessment of an efficient

separation of 13C.

Monitoring the amount of C and C02 produced, we have observed that only a small amount of

these products are formed during the expansion. If we calculate the ratio of the density of 002 produced

to the total density of CO we find C02/CO between 10-3 and 10-6, depending on the conditions we have

considered. The yield of the chemical reactions is therefore very low; since the pressure of CO does not

generally exceed 200 torr at the end of the expansion, it is unlikely that such a process could be

practically used for isotope separation, unless one can use a very long straight channel and operate the

supersonic expansion for several seconds. Nevertheless, short duration supersonic expansion

experiments have been conducted, and substantial 13C enrichment fractions reported 2 0 ,2 1 , but yields

are presumably small.

V-E energy transfer:

Processes similar to the ones discussed above occur when considering V-E transfer lasers. In

such lasers, a highly vibrationally excited donor molecule transfers its energy in collisions to the

electronic mode of a second, "acceptor" species22,23. The electronic configuration of the acceptor

species is selected to obtain possible population inversion and subsequent laser gain on a visible or
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near-uitraviolet radiative transition. In order to achieve the energy transfer from CO(v) to an

accetor electronic state lying above 6 eV, CO(v>25) has to be significantly populated. This constraint

is not required when designing a CO gas dynamic laser since, in this case, one looks for a partial

population inversion on lower vibrational levels.
4.

At present, CO is chosen as a possible donor species, and the code is being run including the low-

lying electronic energy states of CO. The details of the V-E transfer rate model used to couple the

electronic states are given in the Appendix. Rates for transfer between CO(X'YI) and both CO(a 1"l)

and CO(AW n) have been developed, and compared with data from available experiments 13 ,24 .

As previously discussed, a mixture of CO, N2 , and Ar is used in order to enhance the V-E

transfer from CO(X1 £+) to CO(a 3 rI). An optimized nozzle is used in the calculations, estimating the

shape of the effective nozzle. The length of the 150 half-angle expansion is 15 cm, measured from the

throat. A straight channel of 85 cm length follows the expansion. Higher electronic states are not

considered in this model since it has been shown that the vibrational levels of the ground state

CO(X1 Z+) above v-35 are not excited, and therefore only CO(a 3 rI) is energetically accessible.

Calculations were made for a 10%CO - 10%N2 - 80%Ar mixture, with stagnation conditions

T0 =2000 K and PO=100 atm. Since state-resolved data for the V-V and V-T rates for the excited

electronic state a3 n in CO are unknown, the rate for the vth vibrational level of the excited state is

presently assumed to be equal to the rate for the corresponding vth level of the CO ground state.

As described in the Appendix, the rate constant for the V-E transfer is a function of a resonance

parameter CVE and a pre-exponential factor SVE0 . We have chosen CVE=13.58 xl0"2 in order to get

the optimum of the transfer at resonance, where the energy defect between the two states is minimum.

SVE 0 , the amplitude of the transfer, is adjusted from 10-11 cm3 /s (gas kinetic) to 10"14 cm3 1s.

At the same time, the formation of C and CO2 is studied (see reactions above); the specific rate constant

for these chemical reactions is k0 (see Appendix), which varies between 10-15 cm3 /s and 10.17

cm3 /s. We have neglected back reaction rate processes; for the relatively small amounts of CO reacted,

however, we can realistically study the amount of CO dissociated and the influence of the chemistry on

the V-E transfer.

Fjg.j shows the vibrational state populations calculated with this model, for a 150 half-

angle expansion of 15 cm length, followed by an 85 cm straight section, to AJA*=16.5, M=5.5,

P=151.2 torr and T-197 K. We have chosen the V-E coupling parameter of SVE 0 =5 x10" 13 cm3 /s,
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and SvEO/ko=100. This implies a V-E transfer rate approximately equal to the gas-kinetic collision

rate, and a chemical reaction approximately 100 times slower than the V-E transfer. This choice of

parameters approximately reproduces previously observed coupling between the two electronic

states114,38. Fig,9.11 shows the influence on the X11+ vibrational population distribution of the V-E

transfer into the a3 rl state. The large "dimple" beginning near v=28 is due to this coupling; states near

v=28 are close to resonance for the V-E transfer from X1I+ to a3 I. Qualitatively similar effects on V-

V pumped CO(XI +,v) distributions have been measured experimentally in electric discharges by

Farrenq at al. 14 . The coupling becomes very weak as SVE0 is decreased below 5 x10"' 4 cm3 /s.

E-E energy transfer:

In order to model a CO-NO energy transfer laser, we have to study the transfer occuring

between the electronic states of CO and NO (E-E transfer). A strong UV emission was reported in a

previous study3 8 , while CO was excited in a CO-NO mixture. The simplified model we have used in our

calculations is as follows :

CO(X 1 Z+,v>27)+NO(X 2ri)-->CO(X1Z+,0)+NO(B 2U-,0)

CO(a 3 "l,w)+NO(X2 "I) --> CO(X 1Z+,0)+NO(B 2 "I,0)

The two first electronic levels of CO transfer their energy to an excited electronic state of NO. This

process is shown on the potential curves, on fiJg9,2.

A related transfer is likely to occur from vibrationally excited levels of the electronic ground

state of NO itself to NO(A2 Z+) and to NO(B2 rI)12 . The band emission from these excited NO electronic

states is the well-known y band for the system NO(A2 Z+)-NO(X 2 f"), and the 0 band for the system

NO(B 2 rl)-NO(X2 f"). We will only consider the 0 band in the following calculations. It is necessary to

achieve a high density of CO(X1Z+,v>27) and CO(a 3 Fl) if one wants to excite a fair amount of NO(B 2 "I)

in order to create a population inversion between NO(B2 fl) and NO(X2 17).

The mixture is: 10%CO - 10%N 2 - 80%Ar. The stagnation conditions are: T0 =2000 K and

P0 =100 atm. The length of the 150 half-angle expansion is 15 cm; the straight channel is 85 cm long.

At 80 cm from the throat, in the constant area channel, NO is injected in the mixture; the mixing is

assumed to be instantaneous. Such an assumption implies that we have the maximum amount of NO in

the mixture as soon as the gas reaches the mixing zone; this can be considered as the worst case since
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NO is a vety effective quenche. The mixing zone is 20 cm ln;the population of each component of the

mixtLu is monitored at the end of the mixing zone.

The detailed mechanism and rate constants for the reactions producing NO(B2 rl) are not known.

The global parameter PEE (see Appendix) is therefore varied from 10"1 to 10"6. The amount of NO

injected is 10% of the CO density. In order to study the possibility of a laser effect the small signal gain

is calculated for the transition NO(B2 rl,v=O,J) -> NO(X2 n,v=8,J+1) which corresponds to the

largest Franck-Condon factor, or the most probable radiative transition. Standard expressions for

Doppler-broadened gain 3 8 are used. The calculations show a population inversion between NO(B2 rl)

and NO(X2 rl); the temperature achieved in the gas is 200 K. The gain (in cm'") is plotted versus the

rotational quantum number J, for several values of the transition probability PEE on 1.g"... The gain

curves remain about the same for PEE>10, 3 , showing the maximum gain that can be obtained under

these conditions. It is likely that the gain is about 10.3 for PEE greater than 10-4. The wavelength of

the transition is 0.323 lim, in the UV range.

Conclusiogn

A new vibrationally nonequilibrium code has been developed, which includes vibrational-state-

specific population balances, the influence of excited electronic states, and some chemical reaction

channels, for compressible flows of mixtures of diatomic gases. Recent theoretical and experimental

rate data on vibration-to-vibration, vibration-to-electronic and electronic-to-electronic energy

transfer processes have been reviewed and used in the model. Calculations for isotopic mixtures of CO

molecules, V-E and E-E energy transfer in CO and NO are discussed in detail.

The code has been successfully applied to the design of a CO-NO energy transfer laser, and can be

used with other donor-acceptor pairs such as NF-IF, N2 -NO, or other systems. Uncertainties remain

in the model regarding some of the mechanisms involved and some of thG transfer rate constants.

Although the theoretical calculations show the feasibility of such lasers, validation by experiment is

necessary; new processes and unexpected mechanisms can arise, due to the complexity of the electronic

structures of the systems we are studying.

AmRuend
We introduce ni,, = pi, /mi the number density of the primary species i, in vibrational state v. in

part/cc; ]njw = pjw m/j ane number density of the secondary species j in vibrational state w. in



part/cc; nj = Ywni.v the total number density of species i, in part/cc; and nT = ;nj the total number

density of the mixture. Remark: we have p = Pi.v + ZP, = lPfT and X, = ni / T
i'V m

4 Vibration-translation term:

The VT term of equation (2) is written as:

VT, : nj { ' (P÷"[n1 ,÷- exp(-AE" / kT)ni.,]

- P.;"-' [n1~v- cxp(-AlE•'- / kT)n,.,_,]

where pV'V-V is the rate constant (in cm3 /s) of the V-T transition:

Xj(v) +Xj -+ Xj(v-1) + Xi

Xg(v) refers to species i in vibrational state v. The rate constant can be expressed as follows 13,41:

pY,V-l = P90(T) v . V
"i 1 -- XiV i "

F is a function given by4 2 :

+ 2 . 2 X '

ii F-Tke*1

AE is the energy difference between the products and the reactants in the V-T transition;

i= hcOcei / k is the vibrational characteristic temperature of species i;

ei= 16 4;ijCc20)2i1 2 / k is in Kelvin 2 5 ,4 1 where A.# is the reduced mass, c is the speed of light and

0

1 = 0.2A is the range parameter. The ratio Oij / ei 2 is given in table 1.

In the rate constant expression, PP(T) is a coefficient which allows fitting to experimental relaxation

time data. It is expressed as:
P 0 M(I - x., kT

4'~p -L [q' 1- exp(-L]

Here, the Boltzmann constant k is in erg/K. ?,p is the vibrational relaxation time in atm.gs and is

given by:

ln(T•p) = A4 + BqT-1 + COT-i

Aij, Bij, Cij are chosen in order to fit the experimental data (see table.1

Vibration-vibration term: 361



f7
The W Mm, kwkidkn only the sknoge quaMum transitions, Is written as:

WVV = T. Q fIQV ,w+l~v l -w)fVfjw+

Q4 V'1 (ni,vnjw - exp(-AE!-1 w / kT)ni v-lnj~w+i]

Jkv-_.. is the rate constant (in cm3 /s) of the V-V transition:

X1(v) + Xj(w - 1) -+ X1(v- 1) + Xj(w)

The rate constant is the sum of two terms, the first be , the contribution of the short-range

interactions, and the second the contributions of the long-range forces due to dipole-dipole

interaction 4 1 ,43"45. The rate constant has the following expression 13:
AE

Qj V'V-! = Z ij FS v'v-! L..V'v-1" e- 'UTiw-l.w I ijw-l.w +g-~.

where Zq is the collision number and W,4 2 is the cross section.

The short-range contribution is given by4 1 :

ijw-l, - -= iRe jWi(

F(X), ,, and AE have the same definitions as above.

The long-range contribution is given by44,4 5 :

.J. L..
L.,,-= v. _ L .. v-1 •'., -,.!i .. h t w-T

4w-',w T,' , gOo 10 T"

So, LV, and b, are empirical parameters matched to experimental data (see tle 9.1 . b is in erg2 /K

and:

Ig V.V-1j ) [ ai+1 2 v (ai + 2 - 2vai+ 4 -2v)]

10 ai +3-2v] ai(ai+ 3 - ]v)

where a, =1/ x. and aj = 1 / xej are the reciprocals of the anharmonicity factors.

Vibration-electronic term:

The collision-induced V-E terms are retained only here:

V~~l~~~ n.' + ni. ex (E - Ev)/ kTl
jei3 w6O
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where S'" is the rate constant (in cm 3 /s) for the collision induced vibration-to-electronic

transition:
X (v) + X -+XI(w) + X

Xi(v) and Xj(w) are two electronic manifolds of the same species. Their vibrational states are v and w

respectively. It is assumed that collisions can induce the transition from Xi(v) to Xj(w) when the

energies of these molecules are very close. Such resonance occurs between CO(X'Z) and CO(a'7C)

when the vibrational states of each electronic manifold are respectively v=27 and w=O. The rate

constant is modeled with a Gaussian function of the energy defect; the width and the maximum of the

Gaussian rate are empirical parameters 38 :

#J =).e) 2kT

The vibrational spectroscopic constant, Me, is taken to be the larger of the constants for the two
0

electronic states involved. The adjustable parameters are So and Cw. In the case of

CO(X1E) ->ýCO(Al'l) and NO(X2fl) -+NO(B211) transfers, values of these parameters were

obtained by fitting kinetic rate models to V-V up-pumping experiments in optical cells 1 2,13,24. For

the case of CO(X1I) -+-CO (a3'), there are no comparable data, although indication of the coupling

has been seen in the experiments of Farrenq, et al. 14. The range of validity of the resonance model

above remains to be determined, in detailed state-resolved experiments. In table 9.2 the value of these

parameters are indicated.

Electronic-electronic term:

The E-E transfer terms are written as:
EECo)lw) -= -knco(alw)n NO(Xnl)

EEco(xz.o) = kE[ncoan.w) + nCO(X'Zv>28)]fnNO(X2n)

EEco(x'z-.vZ2s) = -k nCo(xZ-.vZ28)nNO(Xfn)
EENO(Bnl.o) = -EEO =EE

No(Xf)'E CO(X'z*'O)

* ' The rate constant for the electronic-electronic processes, kEE, is expressed as follows 3 8 :

kE = PE" Zco-No

PEE is the probability of transfer and ZCO.NO is the collision number. This number represents the

number of collisions between CO and NO during one second in one cubic centimeter. PEE is then the
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peueewra of cellelons needed for the reaction to proceed. PEE is treated as a paramister in the

ase dismissed in the text. One can calculate ZCO-NO (in cm3/s):

7C-NO:_= 3.10`0T

Sradiatve deMa term:

The spontaneous radiative transfer term is written as:

sRD= ,Av. n,.v., - Av"-i,
U

The rates for the spontaneous radiative decay A have been calculated with the Einstein coefficients for

radiative transitions between vibrational levels within the same electronic state, and with the Franck-

Condon factors for the radiative transitions between vibrational levels of different electronic states 2 6 .

Chemical reactions Rate model:

We consider the reaction of CO during the expansion in the nozzle. The reactants can be CO isotopes in

the two first electronic states, CO(X'Z) or CO(a3 l'). The reaction is the following:

CO(v)+CO(w)--CO 2 +C

The activation energy of this reaction is Ea--6 eV.

The chemical terms are written as:

CHIc 2 CHMC0 2 2 Wkwnco, vnco,w

vW

CHMco,v = CHMco,w -= -kVnco,vnCOw

The rate mods2 7 Is the following:

kv =k 0  (IW 0 Ecov + Ecow ,

where ECO,v is the energy of CO(v) and k0 is an adjustable parameter. k0=0 when Eco, + ECO.W < E'.

The value of k0 is presently being inferred from experiments2 8 ,2 9 . In the present calculation, thq

value k0 5x l0-15 cm3 /s is used.

ficro=nicg onswfta 30 :
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All the spectroscopic constants are expressed in cm'1. The spectroscopic constants have been

determined by mass scaling of the constants of 12CO for 13CO.

Parameters used in the rate exnressions:

The parameters used in the expression of the V-T and V-V rates are indicated in table 9.1. The rate

constants involving 13 CO are taken to be the same as for 12 CO. For studying the effect of H2 in the

mixture, the V-T rate N2 -H2 is assumed to be the same as for H2 -CO; H2 is considered as a diluent and

is not vibrationally active. We take n-H2 in the model (the normal mixture ratio of o-H2 and p-H2 ).
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Figure 9.1: Normalized Vibrational Populations
vs. Vibrational Quantum Number.
Pure CO, P0 =100 atm, T0 =2000 K
outlet P=17.5 torrT=199 K, M=7.1, A/A=110.
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10. IOEXING STUDIES 11:

Nonsquillbrim Dissociation Rat" Behind Strong Shock Waves

(classical model)e

IL

This chapter adapted from S.O. Macheret and J.W. Rich, Chem. Phys. 174,

25 (1993)
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Prediction of chemical reaction rates in high temperature gases

where the vibrational mode Is not in equilibrium with

translational/rotational modes remains a persistent problem in chemical

physics. With renewed interest in hypersonic gas dynamic phenomena [8-

11, 42]. such prediction is especially Important for dissociation rates

of gases behind strong shock waves.

Specifically, gas temperature T behind bow shocks accompanying

reentry spacecraft can reach tens of thousands Kelvins, while

vibrational temperature Tv is considerably (up to an order of magnitude)

lower. Under these conditions, nonequilibrium dissociation coupled with

vibrational relaxation is crucially important for determining

temperature, pressure, chemical composition, and heat fluxes. This has

prompted many researchers to construct theoretical models for the

dissociation rate coefficient as a function of the

translational/rotational and vibrational temperatures.

A major feature of dissociation at T>T and very high T whichv

makes it qualitatively different from that at low or moderate T and

T v>T, and complicates theoretical analysis, is that at very high gas

temperatures even molecules In low vibrational levels can dissociate in

a single collision, due to the availability of large collision energies.

In addition, vibration- vibration (VV) and vibration-translation (VT)

energy exchange at such high temperatures are incompletely understood.

Common predictive theories of W and VT rates based on the adiabatic

approximation (such as SSH theory 11]) fail at such temperatures.

Early nonequilibrium dissociation models of Hammerling et. al. [2]

and Treanor and Marrone [3] were based on several assumptions: (a)
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dissociating molecules were modeled by a truncated harmonic oscillator;

(b) the vibrational distribution function was assumed to be quasi-

Boltzmann with vibrational temperature Tv; (c) rotation of molecules was

neglected; (d) the dissociation probability was considered to become

non-zero as 4soon as the sum of vibrational (E ) and translational (Et )

energies exceeded the dissociation (chemical bond) energy D; and (e)

dissociation from each vibrational level was assumed to proceed with

equal probability provided the translational energy was sufficient.

It was apparent almost immediately, however, that these models

were not totally satisfactory and provided an inadequate description of

experimental data. For this reason, Marrone and Treanor [43 relaxed

assumption (e): to account for preferential dissociation of higher

vibrational levels, they suggested that the probability of dissociation

of a molecule with vibrational energy Ev (again, provided translational

energy Is enough) be proportional to exp(-(D-Ev )/U), where U Is an

empirical adjustable parameter. After averaging over vibrational and

translational energy distributions, Harrone and Treanor obtained a

formula for the rate coefficient M(T ,T) which was found to describev

satisfactorily experimental data available at that time, provided that

the parameter U was taken about 1/6 to 1/3 of dissociation energy D.

Later, Kuznetsov [5, 6, 7] developed a model retaining the

abovementioned assumptions (a)-(d), but assuming that the probability of

dissociation Is zero for molecules below some vibrational level N, and

the probabilities for all levels above N are equal (in a sufficiently

energetic collision). The numerical value of N was an adjustable

parameter. One can note that, since Marrone-Treanor factor

exp(-(D-Ev )/T) Is small at Ev<D-U and close to. unity at Ev>D-U,

Kuznetsov's model is almost the same as that of Marrone and Treanor.
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The Ilarron-Treaor model has been widely adopted over many years.

However, since It sometimes yielded results appreciably deviating from

new experimental data, Park [8, 9, 10, 42] suggested an empirical

formula for the rate coefficient of nonequilibrium dissociation in the

form:

M ,T)-ATn exp (1)

where A, n are parameters of the Arrhenius expression for thermal

(equilibrium) rate constant, and T Is the "average" temperature:a

Ts Ti-s (2)

Initially (8, 91, Park suggested s-O.S. Later, he found that a better

fit to computer modeling of vibrational relaxation and dissociation

using SSH rates would be provided by using s-0.7 [101.

Since SSH theory, being essentially a near-adiabatic perturbation

model and neglecting rotational effects, can not be correctly applied to

multiple-jump vibrational transitions at high collision energies and

temperatures, then the dissociation modelling in Ref. [10] as well as in

(111 Is not adequate. In addition, as pointed out In Ref. [11], chosing

parameters of the Interaction potential slightly different from those

used in Ref. (10] can dramatically change the results. (For example, the

"bottleneck" effect observed in [10] disappears. ) Therefore, Park' s

model is not based on any microscopic dynamical theory and should be

considered as a convenient empirical correlation formula.

In parallel with these simple analytical rate expressions, an

extensive literature exists on computer modeling of collision-induced

dissociation (CID). Classical [12], quasiclassical (13, 14], and various
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quantum calculations (15-33] have been performed to determine

dissociation cross-sections for a given vibrational energy of a diatonic

molecule and a given kinetic energy of an incident atom. With rare

exceptions, these calculations have been specifically for the H2

molecule colliding with either H or rare gas atoms. Those studies reveal

sometimes interesting features in dependence of cross-sections on

energies, but their accuracy Is still considerably limited by

uncertainties of potential energy surfaces other than those performed

for the H-H-H potential surface.

With development of computational techniques and hardware, It

became possible, in some cases, to perform almost complete modelling of

dissociation of a given molecule at a given temperature. Such a study

was done, for example, In Ref. (141, where steady-state dissociation of

hydrogen in Ar atmosphere was examined for thermal equilibrium

conditions at 4500 K. First, several cross-sections for energy transfer

and CID were calculated by the quasiclassical trajectory method. Then

these cross sections were extrapolated by the information- theory

approach (431 for other vibrational and rotational levels and other

collision energies. Finally, a master equation was s(,ved with a

complete matrix of cross sections, and vibrational populations and

dissociation rate were calculated to within a factor of 6.

Although such studies provide important Information about high-

temperature dissociation phenomena, they can not embrace all possible

temperatures and gases. Therefore, there is a need for simple analytical

formulae determining rate coefficients and average energy removed per

dissociation act as functions of Tv, T, and some easily-determined

molecular parameters.

We have seen that existing formulae for the rate coefficient are
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either semiempirical (Marrone-Treanor W4]) or empirical (Park [8-10,

42)). In this paper, we present an analytical formula for the rate

coefficient based on a very simplified but realistic model of energy

transfer in elementary collisions. Several features make this problem

solvable.

First, due to the exponential cut-off provided by

translational/rotational and vibrational distribution functions, the

most important - exponential - part of rate coefficient dependence on Tv

and T is determined by the threshold energy, i.e., the minimum

translational energy above which the dissociation can occur at a given

vibrational energy. Second, at higher temperatures (above the

characteristic temperature of vibration) and for medium-mass atoms,

collision dynamics can be well described by classical mechanics. Third,

at the high collision energies which are necessary to dissociate a

molecule from low vibrational levels, the collision time is considerably

less than the period of vibration, making such a collision close to the

impulsive limit.

10.2. THRESHOLD LINE CONCEPT

It is well known that the exponential temperature dependence in

the Arrhenius formula for thermal reaction rates stems from two simple

model assumptions: (1) the reaction cross section a is zero when the

reagent energy E is below certain threshold E and non-zero when E>Eo;

(2) energy distribution is Maxwell-Boltzmann with temperature T. Then,

Integrating the product of r and relative velocity with that

distribution, we get:
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k rr- A Tn exp(- Eo/T) (3)

where factors A and n are determined by the cross section behavior above

the threshold. Temperature T in this equation and in all subsequent

equations throughout this paper is expressed in units of energy.

Suppose now that vibrational and translational/rotational modes

are In disequillbrium. For example, one could simply consider the

vibrational distribution to be quasi-Boltzmann with some temperature Tv

different from translational (gas) temperature T, and neglect rotation.

What then would be the generalization of the Arrhenius formula (1)?

For each vibrational energy, Ev, the reaction cross section

becomes non-zero when kinetic (translational) energy exceeds a certain

minimum (threshold) value, Et. the latter depending on Ev:

E t-F(Ev) , (4)

where the function F(E v) is determined by particular details of

collision dynamics. We will refer to the function (4) as a threshold

function, or threshold line.

Integrating the product of the cross section a(E ,Et) and relative

velocity weighted by distribution functions gives the rate coefficient:

k(T T)-(8pT/x) f (EJa Et) Et exp(-E /T) d.4 e (5)

F(E )
V

where pu Is the collision reduced mass.

Due to the exponential cut-off provided by the factor exp(-E t/T),

the internal integral in eqn (5) Is determined by the vicinity of the

lower integration limit:
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J(EVE d E~ * xp(-E t/T) d4 9(EV )ep(FEV T) (6)

V

where:

g(E ,T) - or(E.9 F(Ev)+c IT) (F (EV)+c 2T) (7)

£I, £2 being numerical fa'ctors of the order of 1.

Inserting (6) into (S), we get:

D

k(T ,T) - (SpT/w) J g(E ,T) expE- v -_ F d(Ev/Tv) (8)

0

Again, since the function g(E ,T) is less steep than the exponential
V

S

function In the eqn (8), we can substitute g by Its value g at the

point contributing the most to the integral, to get:

D
MTIT k0lex (-Ev F(Ev) )d(Ev/Tv) (9)

k(vT T ° xp - T

0

where the preexponential factor:

IC0 = g (8pT/w)
depends on T and T, but this dependence is less steep than exponential.

V

The integral (9) can be evaluated by the method of steepest

descent. Namely, we must find a point Ev maximizing the exponent In the

integrand. For a monotonically decreasing convex threshold function (4)

whose derivative F'(Ev) takes any negative value, the maximum of the

integrand corresponds to the solution of equation:

TF' (Ev) • - T-(10)

V
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If from analysis of collision dynamics we determine the threshold

function (4), then solution of equation (10) will give us Ev, the

vibrational energy contributing the most to dissociation rate, or,

roughly, the mean vibrational energy removed per dissociation act. Then

the rate coefficient would be: E
k(TvT) a exp -T v- (11)

The concept of the threshold line and the procedure of calculating

rate coefficients by eqns (4)-(11) have been first suggested by Macheret

et.al. (34, 35] for endoergic exchange reactions AB+C->A+BC. Using a

classical collinear model at the impulsive limit, Macheret et al..,

obtained simple tarmulae for energy consumption as a function of the

ratio T/Tv, and for the rate coefficient k(Tv ,T). From the previous

considerations, however, it is clear that the threshold line concept and

eqns(4)-(1i) are quite general and valid for nonequilibrium reactions of

any kind, including collision-induced dissociation AB+C->A+B+C or

AB+CD-->A+B+CD.

Before proceeding with particular dynamic calculations, we make

two comments:

Dissociation is possible in principle if the reacting system has

enough energy, that is, Ev+E aD. That does not mean, however, that the

threshold line is simply E t=D-Ev. Due to dynamic restrictions (such as

the simple rebound effect, as we will see later), the true threshold

line must lie, at least in part, above the straight line Et=D-Ev. Of

course, this is strictly true in a r lassIcal-mechanical model; a real

quantum- mechanical system can react as soon as it has enough energy.

However, as we move closer to the classical limit (higher energies,

heavier masses), the reaction cross section in the region D-E v<E tsF(E )
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must become smaller and smaller, thereby shifting the effective

threshold closer to its classical value Et=F(Ev).

Another comment concerns generalization of eqns (4)-(Ml). First,

it may happen, as we will see later, that the absolute value of the

derivative F'(E v) Is limited, and eqn (10) has no solutions at certain

T/T . This is due to the oscillator phase effect (see eqns (13)-(17) and

the discussion immediately following them). In that case, the integral

(5) would be determined mainly by the vicinity of Ev=D. Second,

generalization of the threshold line concept and eqns (8)-(11) to non-

Boltzmann vibrational distributions and to including participation of

the rotational mode would be simple and straightforward. In fact, we

will do exactly this in following sections.

10.3. DIATOM-ATOM COLLINEAR IMPULSIVE COLLISIONS

To calculate the rate coefficient and energy consumption, we need

to consider some reasonable model of collision dynamics and determine

for it the threshold function.

Let us consider first a collinear collision of a homonuclear

diatomic molecule, modelled as a classical oscillator, with a

structureless particle (atom). We chose the collinear geometry not only

because of its simplicity. It is well known that rotational energy is

not as effective as vibrational in promoting dissociation due to the

effect of the centrifugal barrier [7, 36]. For this reason, we can, in

the first approximation, disregard the rotation of the dissociating

molecule. For the same reason, in non collinear collisions the

component of incident velocity normal to the molecule axis could be

used only to excite "Inefficient" rotation. In other words, the maximum
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efficiency of collisional energy transfer Into internal (vibrational)

energy, which is exactly what we need to determine the threshold

fmnction, corresponds to a head-on, collinear collision.

We next make the very important assumption that the collision Is

Impulsive, that Is, instantaneous. To be more specific, the ratio of the

characteristic collision time to the period of vibration, that is, the

Massey parameter, is considered to be small. This Is the opposite to the

near-adiabatic approximation commonly used In Landau-Teller or SSH

theories of vibrational relaxation. Qualitatively, it is obvious that

the Massey parameter should be small for high collision energies.

Indeed, if we consider, for example, collision of two nitrogen

molecules, then for the relative kinetic energies of the order of 10 eV

(which is necessary to dissociate a molecule from low vibrational levels

where, as we will see, the threshold function is nontrivial), and
0

characteristic radius of repulsive intermoleci'' .r forces ro0 -O.1-0.2 A,

the collision time, as can be easily verIf-:%, is about 0.1 of the

vibrational period. Note that the validity of the impulsive

approximation at or above 1O-eV translational energy does not mean that

gas temperature should be around 10 eV (110000 K). Even at much lower

temperatures T (but T>Tv), the translational energy contributing the

most to the dissociation (Et, see eqn (22)) is of the order of the bond

energy D. Of course, the Impulsive approximation is violated for

dissociation from very high vibrational levels. However, in that case we

will obtain the correct result (see eqn (28) below) coinciding with that

of the "ladder" model. Summarizing, we can state that the impulsive

approximation should work satisfactorily even at temperatures well below

several eV. Thus, the most essential temperature limitation is imposed

on our model by the classical approximation: temperatures T and Tv must
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exceed the characteristic temperature, that is, the vibrational quantum

expressed in temperature units (i.e., a few thousand Kelvin or a few

tenths of eV).

A classical collinear model at the impulsive (hard-sphere) limit

for an atom-diatom collision has been first suggested and extensively

studied by Benson et al. [37]. However, Benson et al. were interested

mainly in applying this model to the problem of VT relaxation, and they

did not try to obtain a formula for dissociation rate at T v<T. Later,

Fan (12] did apply Benson's hard-sphere model, among other models, to

calculations of collision-induced dissociation. But since Fan was trying

only to explain experiments by Tully et. al. (38] on dissociation of

CsBr bombarded by a high-energy Xe molecular beam, he also did not

attempt to derive a general formula for k(T ,T). Here, we combine

Benson's model of energy exchange with our threshold line concept to

derive a formula for the nonequilibrium rate coefficient.

The collinear diatom-atom collision is shown in Fig. 10.1. If we

denote the mass of each of two atoms constituting the molecule as m, the

mass of an incident atom as M, the relative kinetic energy in the

center-of-mass system as Et, and initial vibrational energy as Ev, then

the atom initial velocity u, the molecule initial velocity v, and the

amplitude vibrational velocity v0 of each atom are:

2a tm4.m P6 (E/) 2  (12)

Here the center-of-mass velocities u, v are determined by the obvious

momentum and energy relations: 2mv = Mu; E = 2mv 2 /2 + Mu2 /2.

In the center-of-mass system velocities of two atoms constituting

the molecule are: v-v 0cos( ("left" atom in Fig. 10.1) and v+v 0 cosip
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("right" atom in Fig. 10.1). Here V denotes the phase of molecule

oscillations at the moment of collision. Of course, cosV changes from -1

to +1, cosvotl corresponding to the equilibrium distance and maximum

velocities of oscillations.

Calculations of the energy transferred in diatom-atom impulsive

collision can be done similarly to Benson's derivations (37). The

incident atom collides with the nearest atom of the molecule ("right"

atom In Fig. 10.1). Applying conservation of energy and momentum

equations, one can determine velocities after collision. Considering

then velocities relative to the center of mass of the receding molecule,

the final Internal (vibrational) energy of the molecule - V - can be
V

calculated, to give:

V-uEv+ - 2a(u+v)v cosV + (M+2m) 2 CosV (13)(K+m) 2 (+ 20m)

Dissociation occurs if V' is equal to or greater than D - thev

chemical bond energy. Hence, for given masses M and a and Initial

vibrational energy Ev (i.e., amplitude vibrational velocity v0 ) we must

find the minimum kinetic energy Et. or the minimum relative velocity

(u+v) for the right-hand side of eqn (13) to be equal to D. The most

convenient way to do this is to notice that the maximum E' , i.e, the
v

maximum efficiency of kinetic-to-vibrational energy transfer for given

masses and Initial energies Ev and Et. corresponds to the minimum value

of the expression in square brackets in eqn (13). This bracketed

expression, y, Is simply a quadratic function of x-cosf with local

minimum at the point:

m (u+v)
x - [(M+2)v0  (14)
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f X*o1. Y,, corresponds to xnxo. However, since x-cosp"-i always,

then in the case xo<-! y,,, will correspond to the point x-cos,--i.

Therefore, the optimum value of the oscillator phase is:

-1 ,if a (u+v) s 1(!4+2m)Vo (15)

S(u+2)v) f (u+v)

Substituting this formula into eqn (13), setting E'-D and solving for

Et, we obtain the desired threshold function:

CV15-4v) 2 /(l=&) ,if EvsaD

E t -F(E v (16)

-'-Ev ,if Ev>aD

where:

a~) (17)

The threshold line (16) is shown in Fig. 10.2. The behavior of

this line is remarkable. When the initial vibrational energy of the

molecule is high enough, collision-induced dissociation can occur as

soon as the minimum energy requirement is satisfied: Et+EvaD. There

exists an optimum phase of molecule oscillations at the moment of

collision, which ensures the minimum threshold. As the vibrational

energy is lowered, the cosine of the optimum phase shifts toward -1

according to eqn (15). However, when the initial vibrational energy EV

falls below certain value, i.e., Ev<aD, the cosine of the optimum phase

can no longer decrease and ensure the energetically minimum threshold.

So, the cosine stays at -1 (eqn (15)), and the threshold kinetic energy
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Et must be higher then (D-E v).

In fact, the effect we have Just obtained can be called the

"preferential dissociation" from the higher vibrational levels. This

"preferential dissociation" was intuitively felt by Harrone and Treanor

[4) and Kuznetsov (5,61 and reflected in their semiempirical models (see

Introduction). In our model, however, this effect naturally emerges as a

consequence of a realistic, although simplified, microscopic dynamics.

The parameter a explicitly depends on the ratio m/M (formula

(17)), and it increases with this ratio. Thus, for collision-Induced

dissociation In the atmosphere of a light gas (large m/A), threshold

kinetic energy Is substantially larger than (D-Ev) for almost all

vibrational levels except very high ones. The physical meaning of this

behavior is clear. A light Incident particle can transfer only a small

fraction of Its energy into vibrational mode of a target molecule.

Therefore, single-collision dissociation from low vibrational states is

inhibited, and the dissociation will occur mainly from high levels with

only small collisional energy transfer. This mass effect will be also

discussed in later sections In connection with formulae for the rate

coefficient.

On the other hand, if &/M is very small, then the translational

energy threshold for almost all vibrational levels except very low ones

coincides with the energetically minimum (D-Ev) values. We will see ,

however, that It Is exactly the region below the "cut-off" energy aD

that determines the dissociation rate coefficient at sufficiently high

T/T
v

400



F.. ,,. • , ,7 .w W

10.4. IMUOCIATIfN 3AM CWF2CIUIT AS M CONEFIOUN

vM DUIATM-Ae MLLSIC

As we now have an explicit expression (16), (17) for the threshold

function, we need an analytical form for the vibrational distribution

function in order to get the dissociation rate.

It Is well known that In the quasi-steady-state region of

vibrational relaxation behind a shock wave, the population of low

vibrational levels can be characterized by a vibrational temperature TV

different from the gas temperature T [7, 42). The main process

responsible for forming the vibrational distribution function (VDF) at

low levels Is quasi-resonant vibration-vibration (W) energy exchange

which results in a Treanor VDF [39]. At high temperatures, however, the

deviation of the Treanor VDF from a quasi-Boltzmann one Is small, and,

therefore, the VDF at low vibrational energies Is quasi-Boltzmann. With

Increasing vibrational energy the rate of vibration-translation (VT)

relaxation grows, and above a certain energy E1 It prevails over W

exchange, thus establishing Boltzmann-like VDF with the slope

characterized by the gas temperature T. At still higher energies, the

VDF Is depleted by rapid dissociation from the highest levels. Such a

behavior of the VDF has been known for a long time; most recently, It

was observed in computer modeling [10, 111.

From what has been just said, an analytical form for the VDF is:

A E
T;1exp I . ifEvE1

f(Ev) T exp E -
(1)

v -_ , IfE

v 40
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Of course, this formula does not take into account the depletion of very

high levels mentioned above. However, even in the "ladder" model

considering dissociation from the highest vibrational level, the effect

of the depletion decreases the dissociation rate by only a factor of

about 3 [7, 141. Since, as we will show later, it Is the VDF at low

levels that influences dissociation at sufficiently high T/Tv, then the

depletion effect must be even less Important In our model, and the

distribution function (18) is a physically sound approximation.

The energy E1, separating the regions of quasi-Boltzmann

distributions with temperatures Tv and T, is a very important parameter

of the VDF (18). To calculate E1 , a knowledge of VV and VT rates Is

required. If one knows the dependence of these rates on vibrational

energy, then, making VV and VT rates equal to each other and solving the

equation thus obtained, one could calculate E . Kuznetsov [7,40] has

evaluated EI using SSH formulae for VV and VT rates and obtained a very

interesting result: within the range of validity of the SSH theory, I.e.

at gas temperatures T from room temperature up to a few thousand Kelvin,

the ratio E /D depends only weakly on temperature and molecular

parameters, staying close to 0.5. For higher temperatures, there is no

analytical theory of VV and VT rates, and the energy E1 should be

determined by quantum-mechanical or quasiclassical computation of these

rates for a given molecule. In the present paper, we will consider the

ratio E ID as a parameter which, most probably, is about O.S.I

Now, having both the threshold function (16) and VDF (18), we can

derive the desired formula for the dissociation rate coefficient. The

derivations are performed in exactly the way we obtained eqn (9) from

eqn (5), with one generalization: instead of Boltzmann VDF used In the

eqn (5) we now take the VDF from eqn (18). Taking also the explicit
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00 "Oft for the threshId function F(E ) from upn (16). we arrive at
V

the formula:

-2 rep [_Ev (V1-VRE;)a
k(Tv T)akoTv 17 - (1-a)T ) dv

0 v

I •- -y- dE +

D

+ Ixp _ E, E- --- I-- dE (19)

Here ko is a preexponential factor, similar to that in eqn (9), whose

dependence on T and T is less steep than exponential.
v

An important assumption has been made in deriving formula (19),

namely, we assumed:

E1/D > a (20)

As was said above, the ratio EI/D is about 0.5. The mass parameter a is

determined by formula (17) and simply depends on the mass ratio M/in. If

mtM, then o=0.25. As can be easily verified from formula (17), a can

exceed 0.5 only for the case of dissociation in an atmosphere of light

atoms or molecules: W/m<v4-1U0.4. Hence, with the exception of

dissociation in a helium or hydrogen environment, condition (20) should

be valid. We will return to the case when (20) is violated later, but

now we proceed with •ralysis of the formula (19).

The three integrals in (19) have a very clear physical meaning:

they correspond to dissociation from low, intermediate, and high

vibrational levels, respectively. Therefore, it is convenient to write

the rate coefficient k(TVT) as the sum of rate coefficients

corresponding to dissociation from low (k), intermediate (k), and high
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(Ni) levels:
k(TvT) k kI(Tv,T) + k,(T,T) + kh(Tv,T) (21)

Dissociation from low vibrational levels

The first integral in (19) can be evaluated by the simplest

version of the steepest descent methoa. Maximum value of the Integrand

corresponds to the following vibrational (Ev) and translational
. a

(Et=F(Ev)) energies:

a D * (l-'a)D

Ev~= 2 ;Et~u 2 (22)

Evaluation of the Integral Itseif yields:

k (Tv,T)- ko t exp ( Tv+(I_•TJ , (23)

where:

ia(1-a)TTvD I (24)
1"9T )T3

The rate coefficient (23) has a simple form. The "effective"

temperature in the denominator of the exponent is a weighted average of

vibrational and translational temperatures, the "weights" being

determined by mass ratio of colliding particles (see formula (17)). For

example, when Hum, the contribution of Tv is a-0.25, and the

contribution of T is 1-aw0.75. With increasing mass H of a collision

partner, the TV contribution decreases while the T contribution grows.
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One maght note that formula (23) Is somewhat similar to Park's

formulae (1), (2). Indeed, both contain some combination of T and T.

However, there are several basic differences. First, the temperature

combinations are different. Second, our formula (23) has been derived

from a physical model, and the key parameter a is a specifically

identifiable as a simple mass ratio, while Park's model is purely

empirical. Finally, formula (23) represents only one limiting case in

our theory (dissociation from low vibrational levels), and we will

discuss when It can be applied.

One might note that the evaluation of the integral by the steepest

descent method Introduces a simplification additional to the assumptions

already made. However, the Integral can be evaluated exactly and

expressed through the well-known function:

x

erf(x) = - exp dt (25)

0

This would give again formula (23) with more exact expression for the %

factor:

(i-cT)+(lT exp - Im)T[•T +(I_-,)T] - e __- vT__+(__ IT]_ +
IT(D1-&)T D pT (tT Dz(l-a)D(T-T)

2 2

V V J V T

1/2,

xc(i-&)TT D &T D QC(1-c)D(T-T 21 /

[~7i~ 3 terf(1 TTV +erf(T[( t 1/2

(26)

Later we will check the accuracy of the steepest descent evaluation of

the Integral by comparing rate coefficients calculated with eqn (24) or

(26) for the * factor.
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Dissociation from intermediate and high vibrational levels

Evaluation of the second and third integrals in eqn (19) is

trivial, and it yields:

k(T" aT) - k0 OXP4 D/T) ex (D T -xp[-IJ (27)
1- /TJ

D-E1 r E1 D-Ea•
kh (Tv,T) = k0 I exp E (28)

It is worth noting that kh in the form (28) is very similar to the

rate coefficient obtained by Kuznetsov (7, 401 for the "ladder" model of

dissociation.

Evaluation of the preexponential factor k° and numerical estimates

Exact evaluation of the preexponential factor k requires more

detailed Investigation of collision dynamics, particularly post-

threshold behavior of reaction cross-sections. This is beyond the scope

of the present paper. However, at this point we can impose a condition

which ko must satisfy. Namely, for thermal equilibrium at T =nT, the rate

coefficient, that is, the sum (21) of kI, kI and k,, must coincide with

the Arrhenius rate constant (3) with experimentally measured parameters

A and n, and EomD.

Note that eqn (27) for kI formally gives an uncertainty 0/0 at

T -T. However, calculating the limit of k as T ->T gives a finite

value. With this comment, demanding that the sum (21) be equal to the
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Alwboalus rate estant (3) at TV T gives an expression for k0 at this

limit:

A T'4 1  (29)
ko = (t-a)D + Vwoc(1-*)DT '

if the 9 factor is evaluated by the eqn (24). and:

ko A Tn (30
= .=(30)

((1-D)T erf .)1/2i
T1• D+T T (1&T +exPt- • -a

If the * factor is evaluated by the eqn (26).

The formulae just obtained give a value of ko0 only at T v=T.

However, since the main dependence of the rate coefficient k(T ,T) on TV V

is due to the exponential factor, we can, in the first approximation,

disregard the ko dependence on T and use eqn (29) or (30) to estimate

the preexponential factor for all T at a given T.
V

We have made numerical calculations of the dissociation rate

coefficient of nitrogen at a fixed translational temperature T=10000 K

and for different vibrational temperatures. The parameters were set to

a-0.25 (i.e., m=M) and E1/D=0.5; the Arrhenius rate parameters A and n

were taken from Ref.[10]. Calculations were made both by "exact"

evaluation of 9 and k. (eqns (26),(30)) and by using the steepest

descent method (eqns (24),(29)). Fig. 10.3 depicts the rate coefficient

calculated by the present model; for comparison, rate coefficients given

by the Park and the Marrone-Treanor empirical models are also shown.

Fig. 10.4 shows the contribution of dissociation from low, intermediate

and high vibrational levels to the overall dissociation rate, expressed

as:
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kI/k ; X, W k1 /k ; th k kh/k (31)

Fig. 10.4 is illustrative of the physical processes of dissociation. It

is clear that at sufficiently low vibrational temperatures there are

very few molecules having energies close to the dissociation energy D.

Therefore, the only dissociation processes that can occur under such

conditions are those with large collisional energy transfer from the

"hot" translational energy reservoir. Increasing vibrational temperature

produces more molecules on high vibrational levels and enhances the role

of dissociation from these levels with relatively small collisional

energy required. Exactly this behavior is reflected in Fig. 10.4. When

vibrational temperature is less than about one-half of the translational

temperature, dissociation occurs predominantly from low vibrational

levels (,I .>' kh). At higher T , the contribution of kI continuously

falls, while the cont.r bution of k and k grows. At equilibrium, T =T,

the proportion between the three contributions well reflects the widths

of the energy intervals which we called low, intermediate, and high

levels: k :k :kh a (aD):(E1-caD):(D-E ) = 0.25:0.25:0.5. In other words,

at thermal equilibrium each vibrational level contributes almost equally

to the overall dissociation rate.

We can now better understand Fig. 10.3. At sufficiently high

vibrational temperatures dissociation from high levels is dominant, and

the slope of the curve logk(T ) is dictated by the parameter E /D0O.S.V 1

At the same time, the slope of the curve calculated with Park's formula

is determined at sufficiently high T by the parameter 1-s. Therefore,

making s equal to 0.5 should give a good agreement between Park's model

and ours at high vibrational temperatures, which is indeed clearly seen

in Fig. 10.3. Lowering vibrational temperature leads to predominant role

of the dissociation from low vibrational leve.z, where the slope of the
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curve logk(T) Is determined by the mass parameter a (see eqn (23)).

Since for the case of equal masses a-0.25 (see eqn (17)), then making

the Park's empirical parameter s equal to 0.7, so that 1-s-0.3, should

give a good enough agreement with our model, which is again clearly seen

In Fig. 10.3.

Vibrational energy removed in dissociation

Analysis of nonequilibrium shock flows requires not only rate

coefficients, but also the mean energy removed from the vibrational mode

In each dissociation act. The present model allows this energy, E , to
remR

be calculated:

+ exp TV T dEV +

aD

+ E exp -- E- D dEv k(TT) (32)

EII

The second and third integrals in (32) can be evaluated exactly, and the

first one - by the method of steepest descent, to give:
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E k 0 UD T V 3 w(u1-&arrD 1/2 D)
rem k (TVt a TYh &I . TJ aT,(l-)T Je (al +rt +

VV

diso)ixpf [to- eUD 1 +Elo .)p)eg. O Ev(. -v t

V

X .xp(- D/T) +4D2 EJ Tx( i ) (33)

where ko and k(TV,T) are the preexponential factor and the overall rate

coefficient calculated earlier.

The mean energy removed per dissociation act as a fraction of the

dissociation energy D is plotted in Fig. 10.5 vs. vibrational

temperature at different constant gas temperatures. In accordance with

the previous discussion, the contribution of high vibrational levels to

the overall dissociation rate grows with increasing T . This naturally
v

leads to a continuously increasing Er /D, as seen in Fig. 10.5. Since,

as pointed out in the previous subsection, at thermal equilibrium (T =T)

all vibrational levels contribute almost equally to the dissociation

rate, then the value of E /D should be close to 1/2 at T =T, which is
rem V

indeed seen in Fig. 10.5.

Extension to the case (E /D)<&. Mass effect

Now we will briefly show how the results just obtained can be

extended to the case (E I )<&, that is, when condition (20) is violated.

The general expression for the rate coefficient in this case is similar
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to a* (19), only with different limits of Integration:

+ 1exp E 2

k(Tv,T)mk0T;1 [Jep -y -Tri 3 -a) T dEv +

0d v

+fexp[ (E,4v-E D;Ej) (34)E

aD:

These integrals can be evaluated in a way similar to the integrals

evaluated before for eqn (19). Instead of doing this, we will discuss

qualitatively results that would be obtained.

The third and second integrals together give the rate coefficient

for dissociation from high and intermediate levels in about the same

form as eqns (27), (28), with slightly different preexponential factors.

As to the first integral (dissociation from low levels), it can again

r' v
E9

yield the rate coefficient in the form (23) provided the energy Ev,

I v vv]

lies within the limits of integration, that is, when:

->T - _ (34)

r -v

In order for dissociation from low levels to play any significant role,

the temperatures must at least satisfy the inequality (35), which may be

a strict limitation. This reflects the mass effect.

As was mentioned above, the mass parameter a can be greater than

E/D for dissociation in collisions with light species. It is obvious

that a light incident particle can lose only a small part of its kinetic
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energy in a collision with a molecule. In other words, if initial

vibrational energy is low, then, in order to produce dissociation,

kinetic energy of the light particle must be substantially higher than

that in the case of equal masses, thereby diminishing the probability of

such a dissociation. If, however, the molecule already has large

vibrational energy, then the required additional kinetic energy is small

and can be delivered in a single collision. Thus, diminishing the mass M

of a collision partner and hence increasing the parameter a would favor

dissociation from higher vibrational levels.

This effect Is clearly confirmed by the threshold line (16), (17)

(see also Fig. 10.2), where the "cut-off" parameter aD shifts toward

higher energies with decreasing M. It would be also confirmed by

calculations of the rate coefficient in the case a>(EI/D). Indeed, in

this case, for low-level dissociation to prevail, the ratio T/Tv must

satisfy the inequality (35). For example, for nitrogen dissociation in

collisions with hydrogen atoms, when M/m=1/14, so a-0.87, then with

E /D-0.5 the Inequality (35) gives: T/T >3.5. At higher T.- the1 vv

dissociation from low levels can play only a minor role. In addition, as

can be seen from eqn (23) for k1 , increasing parameter a enhances the T IVI
contribution to the rate-determining combination aT +(I-o)T, whichV

results In sharper decrease of kI with decreasing T and widens the

temperature range of prevailing dissociation from high vibrational

levels.

10.5. DISSOCIATION IN DIATOM-DIATOM COLLISIONS

So far we considered dissociation only In diatom-atom collisions.

However, in a real gas which is not largely dissociated, molecules
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collide mainly with molecules. In this section, we extend our theory to

dissociation in diatom-diatom collisions.

Let us consider first a collinear collision of two diatomic

homonuclear molecules, one consisting of atoms of mass a each and

initially having vibrational energy Ev, and the other consisting of

atoms of mass M each and non-vibrating. This collision is shown in Fig.

1O.6a. The reason for considering a collision partner with zero initial

vibrational energy is that when vibrational relaxation is not yet

completed, so that Tv<T, collisions with non-excited molecules are by

far more probable than collisions with excited ones. More exact

justification will be provided later in this section.

The same procedure as was used in analysis of diatom-atom

collisions now results in a formula for the final internal energy EV of
v

the "left" molecule exactly coinciding with the eqn (13) for diatom-atom

case. Only velocities u and v are different from (12), namely:

~ .m( m) vT (~~ (36)

Now we are able to obtain the desired threshold function, but due to the

difference between (12) and (36), it is somewhat different from the

function (16):

(65-U-) 2 /01-4) , if Evsal

Et-F(Ev)- (37)

(I+Am)(D-Ev) , If Ev>&D

This threshold line Is depicted In Fig. 10.7. One can see that, in

contrast to the threshold line for the diatom-atom case (Fig. 10.2),
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this line lies entirely above the energetically minimum line Et+E vD.

The physical reason for this behavior is simple. Since (at least.

in the Impulsive limit considered) the collision actually occurs only

between the two atoms closest to each other, kinetic energy of the "far"

atom of the Incident molecule can not be used for the desired excitation

and dissociation. Hence, to produce dissociation, a higher translational

energy Et is required as compared to the diatom-atom case.

Is it possible to suggest some other mechanism that would yield a

lower threshold line coinciding in some part with the energetically

minimum line Et +E v-D? To do this, the atom of an incident molecule

Immediately hitting the dissociating molecule must be supplied with

additional energy from a source other than translational notion. And

such a source does exist: rotational motion.

Obviously, the rotational energy will be used with maximum

efficiency If rotational velocity of the atom hitting the dissociating

molecule is added to its velocity in translational motion. In this

sense, the collinear configuration Is the worst, because there Is no

component of rotational velocity along the dissociating molecule axis.

Therefore, we need to abandon the collinear model and consider

possible non collinear geometry. Again, since we are looking for the

lowest possible threshold and therefore need to have the maximum

possible rotational velocity component along the axis of dissociating

molecule, It is clear that the best configuration is when the incident

molecule axis Is perpendicular to the axis of the dissociating molecule,

as shown in Fig. 1O-6b.

Repeating derivations that led to eqns (16), (37), but with

additional rotational velocity v r =Tr of the incident atom, we obtain

a generalized threshold function, that is, the minimum translational
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Sto Produe dissociatiou, as a function of initial

vibratIonal energy of the dissociating molecule and rotational energy

(E r) of its collision partner:

I - 2
/�(-i•-�r, If EvsaD

Et F(Ev}- (38)u(I.E•v-) (D.Ev) - dVr Er• if Ev>Df

Naturally, at Er.0  this formula reduces to (37), but at Er>O the

threshold value of Et Is lower than that given by eqn (37), as was

expected.

Now we proceed with calculations of the rate coefficient. For

convenience, we will show intermediate results for microscopic rate

coefficients, that is, averaged only over translational and rotational

energy distributions, but not averaged yet over vibrational one.

As before, we neglect dependence of preexponential factors on

energy and/or temperature, and use the method of steepest descent to

evaluate integrals.

Integration over translational energy with the threshold function

(38) gives:

W -) v T ), if EvS&D

k(ME,Er ,T)- 2 (39)

exp( ('(1+V1(D-Ev A - r)
T ,If Ev>&D

Now we integrate over rotational energy, assuming the rotational

distribution function to be quasi-Maxwellian with some temperature Tr
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k, *x TT!f~a V1 if E ,stDQ 1-a I (T+VFTr

k(Ev, TrT)- [40i

ko' oxp -- rV&T ar ,If Ev>%D

Here k' and k" are preexponential factors similar to ko.
0 0

For comparison, we show what the microscopic rate coefficient

looks lilk In the case of diatom-atom collisions (threshold function

(16)):

koJ j If EvSaD

k(EvTrT)M (41)D-E%
koexP - ifEv>&

Rotational relaxation in gases Is very fast. To establish an

equilibrium between rotational and translational energy distributions

requires only a few collisions. Therefore, in virtually all practically

Important situations Tr-T. But then eqn (40) becomes exactly the same as

(41).

Thus, absolutely all results previously obtained for dissociation

rates in diatom-atom collisions are valid for diatom-diatom collisions,

with M meaning the mass of each of the incident molecule atoms. Only,

instead of translational energy consumption In dissociation, we have now

consumption of translational-rotational energy combined.

An Important qualitative conclusion we can draw Is that the actual

mechanism of collision-induced dissociation in diatomic gases at Tv<T

necessarily Implies non-collinear collisions with large rotational
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Srgy of a collisiom partner and relative translational energy

simultaneously transferred to the dissociating molecule's vibrational

mode.

If, for some reason, rotational temperature is less than

translational, then from comparison of eqn (40) with (41) one can notice

that the diatom-diatom rate coefficient would reduce to the diatom-atom

one if we introduce an effective "kinetic" temperature Tk as a weighted

average of translational and rotational temperatures:

T a 7 7 r (42)

Substituting the Tk defined above for T In all equations for the diatom-

atom case, formulae for the diatom-diatom case can be obtained.

Now we are able to justify the previously made assumption about

zero vibrational energy of the collision partner of the dissociating

molecule. Considering a collinear collision with the collision partner

having vibrational energy distributed with temperature T' , one can getv

the microscopic rate coefficient in the form (40), but with T' insteadv

of T . In other words, such dissociation would proceed with anr

"effective" temperature:

T + Axi T'T+ T
T = 1+ v (43)

which should be substituted for T in the diatom-atom formulae.

Consequently, during the entire period of nonequilibrium dissociation,

when T'<T, and T -T, the "effective" temperature determined by eqn (43)v r

will be less then Tk -T given by eqn (42), and the corresponding

"collinear" rate coefficient will be negligible compared with that of

"rotational" mechanism.
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However, at thermal equilibrium, when TvT'-T r=TT, both "effective"

temperatures are equal to each other and to the gas temperature T.

Therefore, at high-temperature thermal equilibrium, collision-induced

dissociation proceeds via both near-collinear collisions, with large

vibrational energy of a collision partner and translational energy

transferred to the vibrational mode of the dissociating molecule, and

non-collinear collisions, with large rotational and translational energy

transferred to the dissociating bond.

10.6. CONCLUSIONS

In this report, we suggest a theoretical model for analytical

calculations of dissociation rates behind shock waves where the

vibrational temperature Is less than the gas temperature. The key role

In our theory belongs to a threshold function - the minimum

translational energy needed for collision-induced dissociation as a

function of Initial vibrational and rotational energy. This function has

been shown to determine the most important, exponential, part of the

rate coefficient. temperature dependence. Then the threshold function

method was combined with a simple dynamical model of energy transfer -

the classical impulsive limit - to obtain formulae for the rate

coefficient.

These explicit formulae for kT vT) and for the mean vibrational

energy removed In dissociation constitute the main result of this work.

The theory agrees In Its qualitative aspects and In some

particular cases with major earlier work. For example, we have shown

that for sufficiently high vibrational energy E the thresholdV

translational energy is simply (D-E v), while for low Ev the
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trealational threshold actually exceeds (D-Ev). Thus, the model

provides a theoretical basis for the qualitative idea of "preferential

dissociation" from higher vibrational levels put forward by Harrone and

Treanor [4].

In one particular case, when dissociation proceeds mainly via low

vibrational levels, our formula for k(T ,T) contains a weighted average

VV
of the temperatures T v and T (eqn (11)). This is similar to the model of

Park (eqns (1), (2)), although the present formula has a different kind

of average and it is derived theoretically rather than empirically.

In the opposite case, when dissociation from high vibrational

level Is dominant, the present result coincides with two-temperature

dissociation rate obtained by Kuznetsov [7, 401 in a "ladder"

approximation with dissociation occuring only from the highest

vibrational level.

Since the theory is analytical,it gives an opportunity to analyze

results easily, and to examine dependence on parameters and limiting

cases. Several qualitative results are worth mentioning:

It has been shown that during vibrational relaxation behind strong

shock waves the mechanism of dissociation changes: from prevailing

dissociation from low vibrational levels at high temperature ratio T/T v

to almost equiprobable dissociation from all levels at T/Tv approaching

1. Accordingly, the functional dependence on T and T of the ratev

coefficient and of the mean vibrational energy removed also changes.

The formulae exhibit an explicit dependence of dissociation rates

on the mass ratio of the dissociating molecule and its collision

partner. In particular, we have shown that decreasing the mass of the

collision partner makes dissociation from high vibrational levels more

favorable.

419



Finally, it has been demonstrated that dissociation in a molecular

gas at T>Tv occurs predominantly via non collinear collisions with

simultaneous transfer of large rotational and translational energy to

the vibrational mode of the dissociating molecule.

The theory contains several simplifying assumptions, such as

neglecting quantum effects, using the Impulsive collision limit, and

disregarding the energy (and/or temperature) dependence of

preexponential factors. These assumptions are reasonable approximations

over a large range of temperatures encountered behind strong shock

waves, as discussed in earlier sections. We can qualitatively indicate

the temperature range of validity of our theory. For the classical

description to be correct, vibrational and translational temperatures

must exceed the characteristic vibrational temperature (i.e., a few

thousand Kelvin, or 0.2-0.3 eV). On the other hand, neglecting the

energy dependence of preexponential factors and evaluating integrals by

the steepest descent method is correct if both temperatures T and T are
v

substantially less than the dissociation energy D (i.e. 5-10 eV).

Immediate improvement of the present theory would be made by

accurate derivations of preexponential factors. This work is currently

underway.
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FIGURE CAMIONS

Fig. 10.1. Collinear diatom-atom collision. Arrows indicate velocities of

atoms.

Fig. 10.2. Threshold line Et=F(E ) for dissociation in diatom-atom

collisions.

Fig. 10.3. Dissociation rate coefficient for N 2-N2 or N 2-N collisions versus

vibrational temperature at constant translational temperature

T=10000 K. 1, 1V - Park model (81-[10] with s=0.5 (1) and s=0.7

(1'); 2, 2' - Narrone-Treanor model (41 with U=D/6 (2) and U=D/3

(2'); 3, 3' - present theory with "exact" evaluation of % and k

(3) and using the steepest descent method (3').

Fig. 10.4. Relative contribution of dissociation from low (I), intermediate

(2), and high (3) levels to the overall nitrogen dissociation rate

at constant T-10000 K. Solid lines - "exact" evaluation of * and

k0, dashed lines - calculations using the steepest descent method.

Fig. 10.5. Average energy removed from vibrational mode in a single

dissociation act as a fraction of dissociation energy versus

vibrational temperature at different gas temperatures.

FJg. 10.6a. Diatom-diatom collision in collinear geometry.

Fig. 10.6b. Diatom-diatom collision in perpendicular geometry.

Fig. 10.7. Threshold line for dissociation In collinear diatom-diatom

collisions.
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Fig. 10.3. Dissociation rate coefficient for N.-Nw or N2 -N collisions versus

vibrational temperature at constant translational temperature

T-IO000 K. 1, 1' - Park model [81-[101 with s-0.5 (1) and s-0.7

(1'); 2. 2' - Narrone-Treanor model (41 with U-D/6 (2) and U-D/3

(2'); 3, 3' - present theory with "exact" evaluation of # and k

(3) and using the steepest descent method (3').
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Fig. 10.4. Relative contribution of dissociation from low (1), intermediate

(2), and h'~h (3) levels to the overall nitrogen dissociation rate

at constant T-=0000 K. Solid lines - *exact* evaluation of # and

k., dashed lines - calculations using the steepest descent method.
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Fig. 10.5. Average energy removed from vibrational mode in a single

dissociation act an 4 fraction of dissociation energy versus

vibrational temperature at different gas temperatures.
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